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ABSTRACT 
JOSEPH FALKOWSKI: Metal-Organic Frameworks as Single-Site Asymmetric 
Catalysts 
(Under the direction of Wenbin Lin) 
Metal-organic frameworks (MOFs) are a new class of crystalline solids that can 
be constructed from a wide selection of inorganic connecting points and an infinite array 
of organic bridging ligands. Herein is presented the synthesis, characterization and 
catalytic applications of three new families of metal-organic framework catalysts based 
on the privileged BINOL, salen, and BINAP chiral ligands. Using these families of 
materials, the structure-function relationships between the framework architecture and 
their catalytic performance were evaluated. The BINOL system allowed for the 
examination of the effects of channel dimension on substrate diffusion, which was 
elucidated indirectly though the analysis of the enantiomeric excess of the product when 
using the functionalized framework as a heterogeneous catalyst. Through the use of 
ruthenium salen-based frameworks, the direct effect of channel dimensions on 
enantioselectivity was evaluated. New methods of controlling the architecture of these 
salen-based frameworks were demonstrated through the use of guest counter-ion 
incorporation. The work on BINOL and salen-based systems culminates in the 
development of a novel BINAP-based framework that offers a new divergent approach 
towards the development of multiple MOF-based catalytic systems. This new system was 
shown to be a competent catalyst for a variety of hydrogenations as well as conjugate 
additions.  
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CHAPTER 1 
METAL-ORGANIC FRAMEWORKS FOR ASYMMETRIC CATALYSIS – AN 
INTRODUCTION  
 
1.1 Why asymmetric catalysts, and why metal-organic frameworks? 
The importance of chiral molecules in biological systems cannot be overstated. The 
various amino acids and sugars that form the building blocks of life are nearly exclusively L-
amino acids and D-sugars, respectively.1 This reality has important implications in medical 
and pharmaceutical applications. New drugs, for example, must be not only chemically pure 
but enantiopure as well. Contaminants of an undesirable enantiomer in a drug can often have 
undesirable and sometimes lethal repercussions for a patient. While the resolution of chiral 
molecules is a well-established method for producing enantiopure molecules, the intrinsically 
low atom efficiency of chiral resolutions makes it desirable to synthesize chiral molecules 
directly from achiral substrates using asymmetric catalysts. Many examples of asymmetric 
catalysts used for the synthesis of chiral molecules appear in the literature, but these catalysts 
often rely on elaborate and synthetically challenging chiral ligands.2 To make these 
homogeneous systems commercially viable, it is often desirable to form their heterogenized 
analogs. Heterogenized catalysts are often easier to recycle and reuse and can be removed 
without costly chromatography or distillation procedures. As the most common porous 
heterogeneous catalyst system in use, zeolites have found a wide range of applications as 
strong acid catalysts in petroleum refining. The harsh synthetic methods used to synthesize 
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zeolites, however, would destroy any features of chirality and preclude them from being a 
viable option for a solid-state asymmetric catalyst. 
 Metal-organic frameworks (MOFs), also known as coordination polymers, are porous 
crystalline materials built from joining metal ions or ion clusters with organic bridging 
ligands.3 Like zeolites, metal-organic frameworks (MOFs) have been demonstrated in the last 
decade to be competent catalysts for asymmetric transformations. This ability, which is not 
available to zeolite materials, is due to the relatively mild conditions under which MOFs are 
synthesized. Solvothermal and diffusion crystallizations used for MOF synthesis are much 
milder methods than the calcination process to remove templates from zeolites, allowing for 
the incorporation of delicate chiral moieties into a MOF without racemization or 
decomposition of the chiral sites.  
 In addition to their mild synthetic routes, the tunability and versatility of MOFs 
enable a wide catalytic scope. As we have seen thus far, MOF catalysis can occur either at 
the secondary building unit (SBU) or at rationally designed sites present on the linking ligand 
itself. Furthermore, as we shall see in some cases, the same material can utilize both types of 
catalytic sites cooperatively in order to perform multi-step transformations. While the metal 
of the SBUs can be modulated to effect different degrees of reactivity, the scope of SBU-
catalyzed reactions remains limited to Lewis acid-type reactivity. The stereoselectivity that 
SBU-based catalysis exhibits is also often limited due to the active sites’ distance from the 
chiral centers. By incorporating the catalytically active site and the chiral centers directly into 
the linking ligand, more diverse and selective catalysis can be achieved. Using catalytic 
linking ligands also allows for the opportunity to heterogenize well-studied homogeneous 
catalytic systems by incorporating them into MOFs. MOFs can thus serve as a unique 
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platform bridging heterogeneous and homogeneous asymmetric catalysis and combine the 
benefits of both: the system exhibits the facile recyclability of heterogeneous systems while 
still maintaining the reproducibility and single-site nature of homogeneous systems. 
1.2 Sources of chirality 
Asymmetric catalysis cannot be accomplished without a source of chirality. Before 
discussing how asymmetric catalysis is conducted with MOFs, it is best to understand the 
methods by which chiral MOFs can be synthesized. Of all the methods, three general 
schemes predominate: seeding, templating, and the use of enantiopure linking ligands (Table 
1-1).4  
Table 1-1. The various methods of introducing chirality into a metal-organic 
framework. 
  
 One route for synthesizing chiral MOFs is to grow them from achiral starting 
materials, which can be achieved if the framework material crystallizes in a chiral space 
group. A well-studied example of this chiral self-resolution phenomenon was discovered by 
Ezuhara et. al.5 In this example, [5-(9-anthracenyl)]pyrimidine was treated with cadmium 
nitrate tetrahydrate to grow enantiopure crystals. It was discovered that if crystals of a 
particular handedness of the material were used to seed the crystal growth, a bulk material 
with the corresponding handedness would result. However, relying on framework materials 
to crystallize into chiral space groups as a source of chirality has some drawbacks. Not all 
systems will undergo this chiral self-resolution, and even if single crystals of a given 
Sources of Chirality
Growth from achiral starting 
materials through seeding
Chiral templating with a co-
ligand
Direct growth using 
enantiopure ligands
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framework do grow into chiral space groups, the bulk material in the absence of any outside 
influence will be racemic, consisting of an equal distribution of both enantiomers.  
 While the possibility of achieving a homochiral MOF without the use of chiral 
ligands is enticing, it relies on the chance crystallization of the MOF into a chiral space 
group. A more reliable method involves the use of a chiral co-ligand to direct the handedness 
of the crystal growth. Rosseinsky demonstrated the use of 1,2-propanediol to direct the 
handedness of helices formed from nickel nitrate and benzenetricarboxylic acid.6 In this 
example, the chiral co-ligand, while present in the growth solutions, did not constitute any 
part of the desolvated structure. Other examples using this method of introducing chirality 
into a MOF include the zinc(L-lac) material reported by Dybtsev et al.; this material was 
grown with L-lactic acid as the co-ligand, which in this case remained part of the structure 
after crystal growth.7 As we will see later in this chapter, the use of chiral templates has also 
been used in the synthesis of catalytically active framework materials.  
 A third option, and often the most effective, is to directly grow a MOF from a chiral 
ligand. A vast majority of the chiral MOFs presented in the literature are synthesized by 
commercially available chiral molecules such as amino acids, hydroxyl carboxylic acids, 
nucleic acids, and biotin.8 A variant of this approach is to incorporate these chiral molecules 
into a MOF via post-synthetic modification (PSM) after the formation of the framework 
structure; chiral MOFs produced in this manner have been demonstrated to catalyze reactions 
with high enantioselectivities.9 The disadvantage of using these abundant natural sources of 
chirality is the lack of catalytic sites that can be exploited inside of the framework channels. 
For this reason, a great deal of research has been conducted on the modification of privileged 
catalytic systems such as BINOL, SALEN, and BINAP systems. Homogeneous catalysts 
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based on these ligand systems are well studied, and the scope of their reactivity is broad due 
to the wide range of metals that can be used with these ligands. These aspects make them 
ideal candidates for their immobilization in MOFs.  
1.3 Benefits of MOFs in asymmetric catalysis 
MOFs, like other heterogenized catalysts, can be easily removed by simple filtration 
methods and then recycled. The ease of catalyst removal from a reaction medium also helps 
reduce heavy metal contamination in the product. This advantage of heterogeneous catalysts 
over their homogeneous counterparts is of particular importance in the pharmaceutical 
industry, where trace heavy metal contamination is often not acceptable. The ease of 
recycling also allows for MOFs to utilize more expensive or synthetically challenging chiral 
ligands in their synthesis; because the catalyst is recoverable after the reaction, it becomes 
economically viable to utilize more efficient yet costly chiral ligands on large scales.  
MOFs can also offer enhanced activity over other heterogenized or homogeneous 
systems. Because of the high degree of order that the active catalyst sites exhibit, it is 
possible to limit decomposition pathways within framework materials. This increased 
activity is exemplified in the manganese-salen framework reported by Lin et al.10 In this 
example, the bimolecular decomposition pathway that leads to catalyst deactivation is 
suppressed by restraining the motion of the catalytic moieties to the walls of the framework 
channels. Beyond enhancing the activity of the catalyst, the selectivity of MOF-based 
systems can be enhanced via confinement effects and restrained motion of the chiral ligand.9, 
11 Several reports by the groups of Kim and Duan demonstrated increases in the selectivity of 
a catalyzed reaction as a result of immobilizing the catalyst inside the framework.  
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Beyond the benefits in selectivity and stability afforded by MOF catalysts, the 
crystalline nature of these materials also allows for precise structure-function relationships to 
be elucidated. By utilizing single-crystal X-ray diffraction, the structure of the active 
catalytic sites in a MOF and the effect of the environment around the catalytic center can be 
determined. Lin et al. were able to use the structure of an isolated titanium BINOLate-
functionalized framework to rationalize the decreased selectivities that were observed in the 
catalytic alkylation of aldehydes.12 In this case, an intermolecular cross-linking was 
responsible for the change in the active site, which, in turn, reduced the chiral induction 
imparted on the catalytic active site. 
 
Figure 1-1. Inter- vs. intramolecular coordination of titanium as revealed by X-ray 
diffraction. The crystallinity of MOFs offers unique opportunities to elucidate structure-
function relationships.  
1.4 Early examples of symmetric catalysis with metal-organic frameworks 
In 2000, Kim and coworkers were the first to publish the asymmetric synthesis of a 
chiral product using a homochiral MOF as the catalyst. In this work, a chiral framework was 
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synthesized from a tartaric acid derivative and zinc nitrate hexahydrate (Figure 1-2).13 The 
resulting 2-dimensional structure contained trinuclear zinc cluster SBUs, which were 
connected by six ligands bound to the SBUs through their carboxylate moieties. Three of 
these ligands were coordinated to adjacent SBUs through their pyridine functionalities, 
resulting in a face-on hexagonal 2-dimensional framework.  
 
Figure 1-2. The synthesis of a face-on hexagonal two-dimensional framework and 
the kinetic resolution of 1-phenyl-2-propanol as reported by Kim and coworkers. 
 
The remaining three ligands do not participate in the network structure; instead, they 
have their pyridine groups dangling in the open channels. Kim et al. believed that these 
accessible basic sites could be utilized for catalysis and screened the material for activity in 
the asymmetric transesterification reaction of ethyl-2,4-dintrobenzoate with racemic 1-
phenylproanol. They observed that the resulting transesterified product contained a slight 
enantiomeric excess (e.e.) of 8%. 
At around the same time, Lin and coworkers synthesized a chiral porous framework 
from lanthanum group metals and a phosphate-substituted diethoxy-BINOL ligand.14 The 
phosphates coordinated to the lanthanum ion SBUs to form a 2-dimensional lamellar 
framework (Figure 1-3).  
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Figure 1-3. A 2-dimensional, lamellar, chiral framework and its activity in the 
asymmetric ring opening of meso-epoxides. 
 
This material was screened for activity in the cyanosilylation of aldehydes; nearly 
racemic products were obtained with all of the substrates that were screened. When the 
material was screened in the ring opening of meso cyclic anhydrides, small enantioselectivies 
were observed (5% e.e.). The disappointing selectivities exhibited by these two examples 
reveal the inefficiencies of utilizing remote induction of chirality onto a Lewis acidic SBU to 
produce an enantioselective catalyst. 
 Realizing the ineffectiveness of remote chiral induction on the Lewis acid centers of 
the SBUs, Lin and coworkers developed a rationally designed catalyst in which the chiral and 
catalytically active centers were spatially adjacent, increasing the degree of chiral induction 
that can be exerted in an asymmetric reaction.15 In these materials, zirconium phosphonate 
coordination polymers were prepared from a ruthenium-BINAP complex and zirconium 
tetrachloride. The resulting amorphous material was then screened in the asymmetric 
hydrogenation of α,β-unsaturated ketones, which gave high yields and high 
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enantioselectivities of up to 95% with quantitative conversion. This material represented the 
first time that a rationally designed coordination polymer catalyst was utilized for 
asymmetric reactions.  
Extending this concept to a crystalline system, Lin and coworkers demonstrated the 
first highly enantioselective asymmetric reaction catalyzed by a crystalline metal-organic 
framework. In this work, the group developed a crystalline material from a 4,4’-dipyridine-
substituted BINOL linker and cadmium nitrate.16 The 3-dimensional material consisted of 
Cd(µ-Cl)2 chains bridged by pairs of interlocking, hydrogen-bonded ligands, forming a 2-
dimensional network. A third ligand then bridged these 2-dimensional networks into a 3-
dimensional structure. While the hydroxyl groups of the tightly bound ligand pairs were 
inaccessible as catalytic sites due to steric crowding, the third bridging ligand possessed 
chelating sites that were accessible to the open channels (Figure 1-4). 
  
Figure 1-4. The synthesis of a 3-dimensional chiral framework from a 4,4’-pyridyl 
substituted BINOL ligand .The framework consists of a 2-dimentional network consisting of 
zig-zag chains of Cd(µ-Cl)2 SBUs (red chains) connected by hydrogen-bonded ligand pairs 
(blue rods). The 2-dimensional layers are connected by a third ligand (yellow rods) to form 
the 3-dimensional framework.  
 
After activating the material with titanium tetra(isopropoxide), the efficacy of the 
material toward the asymmetric addition of diethylzinc to aromatic aldehydes was 
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determined. Using various substituted aromatic aldehydes, the reactions exhibited high yields 
and enantioselectivities, comparable to those of the homogeneous catalyst. It was also 
observed that the activity of the catalyst was inversely related to the size of the substrate.  
Like carbonyl groups, alkenes offer a wide scope of reactivity from which new 
functionalities can be constructed. Using the alkene functionality as a synthetic handle, the 
oxidation of the double bond is an attractive method of developing chiral synthons. Using 
this inspiration, Hupp, Nguyen, and coworkers reported the first MOF-based catalyst for the 
asymmetric epoxidation of alkenes.17 In this system, a pyridine-derived salen catalyst was 
metalated with manganese and then subsequently oxidized to form the manganese(III)-salen 
chloride complex. Treating this ligand with zinc nitrate in the presence of 4,4’-bipyridine led 
to a layered structure composed of sheets of salen ligands connected by dinuclear zinc 
paddlewheel SBUs. These 2-dimensional layers were connected by the 4,4’-bipyridine co-
ligands to form a 3-dimensional structure (Figure 1-5).  
 
Figure 1-5. Epoxidation of 2,2,-dimethyl-2H-chromene using a pillared MOF 
framework reported by Hupp and coworkers.  
 
Using the manganese MOF, chromene derivatives were epoxidized in high yields 
(71%) and high selectivities (82%) with the mild oxidant 2-(tert-
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butylsulfonyl)iodosylbenzene. Recycling the MOF showed only a mild loss of activity 
without a decrease in selectivity. Leaching experiments showed that between 4 and 7% of the 
initial manganese leached out of the sample during the reaction either as the free molecular 
species or as particles too small to be trapped by filtration. Heterogeneity tests, however, 
showed that this small amount of leaching did not contribute to the overall production of 
epoxide product. While the MOF catalyst was unable to match the selectivity of the 
homogeneous catalyst, turnover numbers of >3000 were obtained for the MOF versus ~1000 
for the free catalyst under identical conditions. The increase in the turnover number 
exemplifies the advantage of a highly ordered MOF catalyst; by restricting the motion of 
catalytic units via incorporation into the framework, intermolecular decomposition pathways 
are eliminated, thus increasing the lifetime of the catalyst.  
Lin and coworkers developed an isoreticular series of frameworks constructed from 
carboxylate-derived manganese-salen ligands in 2010.10 Reacting the ligand with zinc nitrate 
resulted in a 3-dimensional cubic network with tetranuclear zinc cluster SBUs (Figure 1-6). 
By varying the ligand length as well as the catenation of the formed networks, the researchers 
were able to modulate the size of the channels, which was found to affect the rate of substrate 
diffusion during catalysis. The rate of substrate diffusion, in turn, affected the rate of the 
epoxidation and could be measured quantitatively. As in the example from Hupp, Nguyen, 
and coworkers, the MOF epoxidation catalyst devised by Lin and coworkers showed higher 
turnover numbers than the homogeneous catalyst. In addition to the higher turnovers, in this 
case, rates of reactions were comparable to or even faster than those of the homogeneous 
system.  
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Figure 1-6. Synthesis of a series of chiral MOFs with varying channel sizes 
controlled by framework catenation and ligand length.  
 
1.5 Outlook and future directions  
 The work done to date has convincingly demonstrated the ability of MOFs to act as 
highly active and selective catalysts for a range of asymmetric chemical reactions. 
Furthermore, MOF catalysts can be more active than their homogeneous counterparts. A 
more complete account of the scope of metal-organic frameworks in asymmetric reactions 
has been reviewed elsewhere.18 The field of MOF catalysis is however still at its infancy. 
Most of the reactions studied to date take advantage of simple acid and base catalysis and 
thus are limited to fairly simple chemical transformations and are quite limited in scope. 
Many of the MOF catalysis studies merely represent another means of catalyst 
heterogenization.  
In order for the field of MOF catalysis to advance, the scope of catalytic reactions 
must be expanded to include transition metal-catalytic systems. Additionally, the intrinsic 
and unique properties of metal-organic frameworks must be harnessed to develop truly novel 
catalytic materials with characteristics unlike those found with other solid-supported systems. 
The tunable channel dimensions and precise control of the steric environment of metal-
organic frameworks are not available to other solid-state catalysts and lend themselves to the 
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development of size selective, sequential, and tandem catalytic systems. The low densities, 
high degrees of porosity, and extremely high volumetric surface areas suggest that MOFs 
may have potential applications in new flow reactor systems. The future of these materials 
lies in applications in which the high degree of order as well as unprecedented tunability can 
be exploited for practical purposes. 
In order to achieve these goals, several avenues of research should be pursed. The 
structure-function relationships between metal-organic frameworks and the reactions that 
they catalyze must be better understood in order to engineer tailored materials for specific 
applications. Additionally, the mechanical and chemical stability of these materials must be 
improved in order to open up the application of MOF catalysts to a larger range of reaction 
conditions. Current MOF materials tend to be unstable at extreme pH’s or in the presence of 
strong chelating compounds. Coupled with these fundamental developments, synthesis of 
frameworks that contain more elegant transition metal-inspired catalytic moieties must be 
pursued. 
The work presented in this thesis demonstrates progress made on all of these fronts. 
New methods to investigate both the intrinsic properties and potential applications of MOF 
catalysts are explored in the following chapters. Using a well-established Ti-BINOLate 
catalyzed reaction, the interaction between the structure and activity of a MOF catalyst is 
explored. Through the incorporation of late transition metal-based struts, MOFs with unique 
reactivities are explored. It is the hope that through this work, MOFs can one day find 
broader applications in the field of chemical catalysis.   
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CHAPTER 2 
ISORETICULAR CHIRAL METAL-ORGANIC FRAMEWORKS AS A 
TUNABLE PLATFORM FOR LEWIS ACID ASYMMETRIC CATALYSIS 
 
2.1 Introduction 
MOFs provide an ideal platform for designing heterogenized asymmetric catalysts 
because of the ability to create uniform active catalytic sites and identical secondary 
environments around them throughout the solid material. Precise knowledge of MOF 
structures facilitates the identification of active catalyst sites, thereby simplifying the 
elucidation of the catalytic mechanisms that can be very difficult to unravel for traditional 
non-crystalline heterogeneous catalysts. For asymmetric catalytic reactions, it is imperative 
to design MOFs with large open channels because of the need to transport typically very 
large organic substrates and products. Although scattered examples of asymmetric catalysis 
with chiral MOFs (CMOFs) have appeared in recent years, no study had previously taken 
advantage of the ability to systematically engineer CMOFs with tunable functionalities and 
open channel sizes. This chapter describes the rational design of a family of isoreticular 
mesoporous MOFs and their postsynthetic functionalization for applications in 
enantioselective catalysis (Figure 2-1).  
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Figure 2-1. Schematic representation of a homochiral MOF and its postsynthetic 
modification (PSM) to a catalytically active MOF. (a) Cartoon showing the assembly of 
CMOFs and their postsynthetic modification to afford heterogenized asymmetric catalysts. 
(b) The chemical structures of the ligands used for this study. The L1a-L4a and L1b-L4b 
notations are used to described both the protonated (as in free ligands) and deprotonated 
forms (as in CMOFs) of (R)-tetracarboxylic acids in this paper. R = Et for CMOF-1a to -4a 
and R = H for CMOF-1b to -4b. The primary carboxylic acid groups highlighted in red are 
used to form CMOFs whereas the secondary dihydroxy groups highlighted in blue will react 
with Ti(OiPr)4 upon postsynthetic modification to form asymmetric catalysts. 
 
A series of tetracarboxylic acid ligands containing orthogonal chiral diethoxy (L1a to 
L4a) or dihydroxy (L1b to L4b) functional groups in the (R)-enantiomeric form were 
synthesized for this work (Figure 2-1). It was envisaged that metal connecting units could 
link these chiral bridging ligands together to form CMOFs via the carboxylate primary 
functional groups. The orthogonal chiral dihydroxy secondary functionalities in ligands L1b 
to L4b periodically decorating the porous CMOF can then be postsynthetically functionalized 
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to generate asymmetric catalytic sites that are accessible to the organic substrates via the 
open channels or cavities. In these proof-of-concept experiments, we chose carboxylate-
bridged copper paddle-wheels as the targeted secondary building units (SBUs) to link the 
axially chiral bridging ligands to form CMOFs. This combination of building blocks has 
recently been used for constructing stable 4,4-connected MOFs of the PtS and related 
topology.26-30 
 
2.2 Results and Discussion 
2.2.1 Synthesis and characterization of isoreticular CMOFs 
The enantiopure tetracarboxylic acid L1a was synthesized by cyanation of 4,4’,6,6’-
tetrabromo-2,2’-diethoxy-1,1’-binaphthyl with CuCN in DMF at 130 C followed by base-
catalyzed hydrolysis, whereas the enantiopure longer ligands L2a to L4a were synthesized by 
Pd-catalyzed carbon-carbon coupling reactions between 4,4’,6,6’-tetrabromo-2,2’-diethoxy-
1,1’-binaphthyl and methyl acrylate, 4-carboxyphenylboronic acid, and 4-carboxystryene, 
respectively, followed by base-catalyzed hydrolysis. Simultaneous deprotection of the methyl 
and chiral diethoxy groups of the methyl esters of L1a to L4a with excess boron tribromide 
gave the ligands L1b to L4b in quantitative yields. All of these new ligands were characterized 
by NMR spectroscopy and mass spectrometry. 
Blue tetragonal bipyramid crystals of CMOFs with the tetracarboxylate bridging 
ligands were grown by solvothermal reactions between Cu(NO3)2 and the tetracarboxylic 
acid in the diethylformamide (DEF)/H2O solvent mixtures at 80 oC. Single crystal X-ray 
structure determinations revealed the framework formula of [LCu2(solvent)2] for CMOFs 
made with all the tetracarboxylic acids (solvent=water or DEF; see Table 2-1 for the detailed 
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characterization of the CMOF series). Repeated crystallization attempts with various Cu(II) 
salts and L1b failed to produce crystals suitable for single crystal X-ray diffraction, but 
powder X-ray diffraction (PXRD) studies indicated that the polycrystalline product CMOF-
1b obtained from the reaction carried out in the DEF/H2O solvent mixture is isostructural to 
CMOF-1a. The phase purity for each of the eight CMOFs was confirmed by an excellent 
match between the experimental and simulated PXRD patterns. 
All of the eight CMOFs are isostructural and adopt a 3D non-interpenetrated 
framework structure of the same chiral space group, I4122.29 We will only describe the 
structure of CMOF-1a in detail here. The asymmetric unit of CMOF-1a contains one Cu 
atom, one half ligand L1a and one coordinated DEF for the framework. The Cu atom is 
coordinated by four carboxylate oxygen atoms of four different L1a ligands in the equatorial 
positions and one DEF molecule in the axial position to afford a square pyramidal geometry. 
The resulting copper paddle-wheel [Cu2(O2CR)4] SBUs are interconnected by the L1a ligand 
to form a 3D network (Figure 2-2). While the carboxylate groups in the 4,4’-positions reside 
at either side of the rotational axis of the binaphthyl scaffold, those in the 6,6’-positions are 
twisted from each other with a dihedral angle of 82.7o for the two naphthyl rings. The 
resulting framework of CMOF-1a adopts a 4,4-connected network topology that can be 
described by the Schläfli symbol {43; 62; 8}. As a result of the elongated tetracarboxylate 
ligand, the resulting non-interpenetrating framework of CMOF-1a possesses large open 
channels running through all three directions of the crystals, with the largest opening of 1.3 
nm and 0.4 nm along the a/b and c axes, respectively (Figures 2-2 and 2-3).  
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Figure 2-2. Crystal structure of CMOF-1a. (a) A view of [Cu2(O2CR)4] paddle-
wheels and their connectivity with the L1a ligands in CMOF-1a. (b) Representation of the L1a 
ligand as a blue distorted tetrahedron and the [Cu2(O2CR)4] paddle-wheel as a red square. (c) 
A simplified connectivity scheme of L1a ligands (blue distorted tetrahedra) and [Cu2(O2CR)4] 
paddle-wheels (red squares). (d) Stick model of CMOF-1a as viewed down the a axis. (e) A 
simplified connectivity of CMOF-1a as viewed down the a axis shows the 4,4-connected 
network topology with the Schläfli symbol {43; 62; 8} 
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Figure 2-3. Space-filling models showing packing diagrams of CMOF-1b to -4b. 
The figures on the left (a, c, e, and g) show the packing diagrams of CMOF-1b to -4b as 
viewed down the a/b axis. The figures on the right (b, d, f, and h) show the packing diagrams 
of CMOF-1b to -4b as viewed down the c axis. The figures for CMOF-1b were generated by 
replacing the ethyl groups of CMOF-1a with hydrogen atoms. 
  
Interestingly, the 4,4-connected network topology observed for CMOF-1a is very 
robust and accommodates tetracarboxylic acid ligands of varying sizes as well as with both 
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diethoxy (CMOF-1a to -4a) and dihydroxy (CMOF-1b to -4b) functional groups (Table 2-1). 
Because of different lengths of the tetracarboxylate ligands, the CMOF series is highly 
porous with a tunable void space ranging from 73.3% to 91.9% as calculated by PLATON 
for the CMOF-1b to -4b series (Table 2-1).31 The ethoxy-protected CMOF-1a to -4a series 
has a void space ranging from 68.5% to 90.0%. As shown in Figure 2-3, the CMOF-1b to -
4b series has tunable channel openings of 1.3 × 1.1 nm to 3.2 × 2.4 nm along the a/b axis and 
from 0.8 × 0.8 nm to 1.9 × 1.9 nm along the c axis. As expected, the CMOF-1a to -4a series 
has slightly smaller open channels due to the steric bulk of the ethyl groups. The calculated 
framework density for the CMOFs ranges from 0.730 to 0.177 g/cm3. With the chiral 
dihydroxy groups pointing toward the open channels, the CMOF-1b to -4b series provides an 
ideal platform for generating heterogeneous catalysts by grafting a secondary metal center 
via postsynthetic modifications.22, 32-34 As a result of their highly disordered nature, it is 
difficult to precisely determine and locate the included solvent molecules in the CMOFs by 
X-ray crystallography. We have used a combination of 1H NMR spectroscopy and 
thermogravimetric analysis (TGA) to establish the solvent contents in the CMOFs (see Table 
2-1 for the details on the solvent contents). TGA analyses showed that the CMOF-1b to -4b 
series exhibits an impressive solvent weight loss of 58.4 wt% to 73.3 wt% in the 25 to 200 
C temperature range (Table 2-2), confirming their highly open framework structures. 
Consistent with the bulkier ethyl groups, the CMOF-1a to -4a series exhibits a solvent 
weight loss of 40.3 wt% to 69.1 wt% in the 25 to 200 C temperature range (Table 2-1). 
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Table 2-1. Summary of key parameters and characterization data for CMOFs 1a-4a 
CMOF- 1a 2a 3a 4a 
Framework formula (L1a)Cu2(DEF)2 (L2a)Cu2(H2O)2 (L3a)Cu2(H2O)2 (L4a)Cu2(H2O)2 
Framework density 
(g/cm3) 
0.730 0.375 0.290 0.187 
Void space (%) 68.5 83.3 86.3 91.0 
Channel sizes (nm2) 
1.3 × 1.1 
0.4 × 0.4 
2.2 × 1.5 
1.1 × 1.1 
3.0 × 2.0 
1.4 × 1.4 
3.2 × 2.4 
1.9 × 1.9 
Solvent contenta 3.5DEF•4H2O 15DMF•11H2O 12DEF•16H2O 10DEF•14DMA•5H2O 
Solvent weight loss (%) by TGAb 40.3 62.8 62.0 69.1 
Calc surface areac (m2/g) 2418 4101 4419 4514 
Exp. surface areac (m2/g) 216 ~0 240 ~0 
Dye uptake (wt%) <0.1 52.6 103 111 
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Table 2-2. Summary of key parameters and characterization data for CMOFs 1b-4b 
CMOF- 1b 2b 3b 4b 
Framework formula (L1b)Cu2(DEF)2  (L2b)Cu2(H2O)2 (L3b)Cu2(H2O)2 (L4b)Cu2(H2O)2 
Framework density 
(g/cm3) 
0.696 0.356 0.284 0.177 
Void space (%) 73.3 84.8 87.1 91.9 
Channel sizes (nm2) 
1.3×1.1 
0.8×0.8 
2.2×1.5 
1.3×1.3 
3.0×2.0 
1.6×1.6 
3.2×2.4 
2.1×2.1 
Solvent contenta 6.5DEF•9H2O 11DEF•3H2O 13DMF•11iPrOH•4.5H2O 
6.5 DEF•- 
19 DMF•- 
8.5 iPrOH•- 
2 H2O 
Solvent weight loss (%) by TGAb 58.4 63.5 66.0 73.3 
Calc surface areac (m2/g) 2699 4186 4355 4219 
Exp. surface areac (m2/g) 343 ~0 ~0 ~0 
Dye uptake (wt%) 1.9 64.5 117 124 
 
Although thousands of MOFs have appeared in the literature in the past decade, 
relatively few examples of isoreticular MOFs have been reported.35, 36 The IRMOF family 
based on the 6-connected [Zn4(μ4-O)(O2CR)6] SBUs and 2-connected linear dicarboxylate 
bridging ligands of different lengths represents the most well-established isoreticular porous 
materials.37 A large number of IRMOFs and analogues have been synthesized and exhibit 
tunable pore/channel sizes, shapes, and functionalities. With enhanced stability over the 
[Zn4(μ4-O)(O2CR)6] SBUs, carboxylate-bridged copper paddle-wheels represent another 
interesting SBU for the synthesis of isoreticular MOFs.38 It has been recently demonstrated 
that 4,4-connected MOFs of the PtS and related topology can be synthesized based on copper 
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paddle-wheels and tetracarboxylate bridging ligands.26-30 Given the highly elongated 
structures of the tetracarboxylate ligands, it is surprising to observe the formation of non-
interpenetrating structures in all of the CMOFs. We believe that the steric bulk of both the 
copper paddle-wheel SBUs and the 4,4’,6,6’-substituted BINOL-derived ligands prevents the 
CMOFs from adopting interpenetrated structures.39, 40 This work highlights the ability to 
engineer isoreticular CMOFs with tunable open channel sizes and functional groups by using 
chiral tetracarboxylate ligands of different lengths. 
As shown in Table 2-1 and Figure 2-4, Grand Canonical Monte Carlo (GCMC) 
simulations indicated that the CMOFs should be highly porous with BET surface areas 
ranging from 2418 to 4514 m2/g.41 However, nitrogen adsorption measurements showed that 
the CMOFs exhibit only modest porosity with BET surface areas ranging from 0 to 343 m2/g. 
The very large discrepancy between the calculated and experimental surface areas is likely 
caused by the framework distortion upon solvent removal. The so called “breathing effect” is 
quite common among porous MOFs,42, 43 particularly for the ones with very large open 
channels such as the present CMOF series. PXRD studies confirmed the severe framework 
distortion for the CMOFs upon solvent removal; most of the diffraction peaks disappeared 
for the evacuated CMOF samples. After soaking in DMF/H2O and DEF/H2O for several 
hours, the evacuated samples of the CMOFs regained the PXRD patterns of pristine CMOFs. 
This result is consistent with framework distortion during solvent removal. Recent reports 
indicated that MOF porosity can be better preserved when solvents are removed via gentler 
means such as supercritical CO2 processing44 or freeze drying.40 Numerous attempts with 
freeze drying, however, failed to show any enhancement of BET surface areas of CMOFs. 
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X-ray diffraction studies indicated that the elongated tetracarboxylate bridging 
ligands used in this work led to desired mesoporosity in CMOFs, a property that is required 
for asymmetric catalysis due to the need to transport very large reagent and product 
molecules. The large channels and pores cause severe framework distortion of these MOFs 
upon solvent removal, thus presenting a significant challenge in determining and quantifying 
their porosity. The gas adsorption experiments typically used to determine porosity gave 
meaninglessly small surface areas and pore sizes for the CMOFs; the gas adsorption 
measurements of the CMOF series gave less than 5% of the BET surface areas that were 
predicted based on GCMC simulations of the desolvated CMOFs. 
We developed a straightforward dye uptake assay for accessing the capability of the 
CMOFs in transporting large reagent and product molecules through the open channels by 
taking advantage of the hydrophobic nature of the open channels. We carried out dye uptake 
studies by soaking the CMOFs in a solution of Brilliant Blue R-250 (BBR-250) dye in 
methanol for 24 hours. The dye solution was decanted and the CMOFs were washed with 
water several times to remove dye molecules adsorbed on the external surfaces of the 
crystals. We hypothesized that water cannot readily enter the hydrophobic channels to wash 
away included dye molecules. The dye-loaded CMOFs were then digested with Na2EDTA 
and the amounts of released BBR-250 were quantified by UV-Vis spectroscopy. As shown in 
Table 2-1 and Figure 2-4, remarkable size selectivity was observed for the dye uptake: 
CMOF-1a and -1b have only negligible uptake of BBR-250, probably due to the fact that the 
molecular dimensions of BBR-250 exceed the open channel sizes. In contrast, CMOF-2a to -
4b have very significant dye uptake that is equivalent to as much as 124% of the framework 
weight. The dye uptake experiment thus conclusively demonstrates the accessibility of the 
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potential active catalyst sites to the organic substrates via the open channels. The remarkable 
difference in dye uptake among the CMOF series also provides indirect evidence for the 
retention of the framework structure in solution. Such a size selectivity of dye uptake would 
not be expected if the CMOF framework had decomposed. More importantly, the dye uptake 
experiments provide a predictive tool for the catalytic performances of the CMOFs (see 
below). We believe that the dye uptake experiment should prove valuable in the 
characterization of other mesoporous MOFs with large open channels and pores. 
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Figure 2-4. Characterization of the CMOF series. a) Experimental and GCMC 
simulations of nitrogen adsorption isotherms of CMOF-1a, 2a, and 3b. The filled symbols 
represent the GCMC simulation results and the open symbols show the experimental results. 
The very large discrepancy between the calculated and experimental surface areas is likely 
caused by the framework distortion upon solvent removal (i.e., “breathing effect”). b) Uptake 
of BBR-250 dye by the CMOF series illustrating the size-selectivity. The blue bars represent 
the CMOF-1a to -4a series whereas the red bars represent the CMOF-1b to -4b series. The 
space-filling model of the energy-minimized structure of BBR-250 is also shown. The dye 
uptake experiment demonstrates the accessibility of the potential active catalyst sites to the 
organic substrates via the open channels, and the remarkable difference in dye uptake among 
the CMOF series also provides indirect evidence for the retention of the framework structure 
in solution 
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2.2.2 Enantioselective catalysis 
The results from GCMC calculations and dye uptake experiments strongly indicate 
that significant void space exists in the CMOF series and should be accessible to large 
organic molecules. The chiral dihydroxy groups in CMOF-1b to -4b are particularly 
attractive for further functionalization with a secondary metal center to afford active 
catalysts. Ti(IV) complexes of 1,1’-bi-2-naphthol (BINOL), for example, have been shown to 
catalyze a number of highly enantioselective reactions, such as addition of diethylzinc or 
alkynylzinc to aromatic aldehydes to afford a wide range of chiral secondary alcohols (upon 
hydrolytic workup).45 We believe that Ti(OiPr)4 can react with the chiral dihydroxy groups in 
the CMOFs to afford Lewis acidic (BINOLate)Ti(OiPr)2 compounds that are grafted onto the 
frameworks of the CMOFs and are potentially accessible to the aromatic aldehydes and 
diethylzinc or alkynylzinc reagents (Figure 2-5). Inductively-coupled plasma mass 
spectrometric analysis indicated that a sample of CMOF-3b treated with Ti(OiPr)4 had a 
Ti/BINOL ratio of (1.480.10):1, suggesting the formation of (BINOLate)Ti(OiPr)2 
compounds inside CMOF-3b. The Ti(OiPr)4-treated CMOF-3b exhibited an identical PXRD 
to that of the pristine CMOF-3b, indicating maintenance of its framework structure upon 
Ti(IV) loading (Figure 2-5). 
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Figure 2-5 CMOF-derived asymmetric catalysts and their framework stability. 
a) Schematic representation of asymmetric alkyl- and alkynylzinc additions catalyzed by the 
CMOF/Ti-BINOLate catalyst inside large open channels. ICP-MS analyses indicate binding 
of Ti(IV) to the CMOF framework. b) PXRD patterns of CMOF-3b, Ti(OiPr)4-treated 
CMOF-3b, and recovered CMOF-3b/Ti(OiPr)4 catalysts after diethylzinc and alkynylzinc 
addition reactions. The identical PXRD patterns between these samples indicate that the 
framework structure of CMOF-3b is maintained after Ti(IV) loading and after catalytic 
diethylzinc and alkynylzinc addition reactions 
 
We investigated the asymmetric catalytic activity of the functionalized CMOFs by 
studying the diethylzinc and alkynylzinc additions to aromatic aldehydes. CMOF-3b was 
used to screen for diethylzinc addition reaction conditions (Figure 2-6, Eq. 2-1). Treatment of 
CMOF-3b with excess Ti(OiPr)4 led to active catalysts for the addition of diethylzinc to a 
range of aromatic aldehydes with almost complete conversions (up to >99%), high selectivity 
for secondary alcohols (up to 99%), and high enantiomeric excess (ee, up to 91% for 1-
naphthaldehyde) (Table 2-2, entry 1-5). This level of enantioselectivity is very good for 
heterogeneous catalysts, and is as little as 3% lower than that of the homogenous 
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(BINOLate)Ti(OiPr)2 catalyst (Table 2-2, entry 6-10). The diethylzinc addition results 
observed for CMOF-3b are comparable to those of a chiral bipyridine/Cd MOF-derived 
catalyst.22 Control experiment showed that CMOF-3a without the chiral dihydroxy groups in 
combination with Ti(OiPr)4 or Ti(OiPr)4 alone is capable of catalyzing the diethylzinc 
addition reaction with no enantioselectivity (Table 2-2, entry 14). The slightly lower e.e.’s 
observed in the present CMOF series (as compared to the homogeneous catalyst) are 
probably due to the competing non-enantioselective background reaction.  
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Table 2-3. Diethylzinc additions to aromatic aldehydes catalyzed by the 
CMOF/Ti(OiPr)4 combinations 
Entry CMOF- Ar Selectivity % Conv. % ee% 
1 3b 1-Naph 92 >99 91 
2 3b 4-Cl-Ph 84 >99 80 
3 3b 4-Br-Ph 70 96 80 
4 3b 4-Me-Ph 74 >99 78 
5 3b Ph 68 >99 82 
6 L3b-Me4 1-Naph 70 94 94 
7 L3b-Me4 4-Cl-Ph >99 >99 88 
8 L3b-Me4 4-Br-Ph 99 >99 87 
9 L3b-Me4 4-Me-Ph >99 81 87 
10 L3b-Me4 Ph >99 >99 86 
11 4b Ph 82 >99 84 
12 2b Ph 64 98 70 
13 1b Ph 91 98 <3 
14 3a Ph 10 >99 0 
15 4b 1-Naph 70 60 91 
16 2b 1-Naph 87 >99 86 
17 1b 1-Naph 95 81 9 
18 3b Ph 51 >99 66 
19 3b Ph 93 >99 72 
20 3b Ph 97 97 67 
21 3b Ph 98 93 68 
22 3b Ph 98 87 57 
23 3b Ph 99 99 64 
aAll the reactions were carried out with vigorous stirring with a magnetic stir bar except entries 18-23 in which 
the mixtures were only gently agitated to avoid pulverizing the solid catalysts in order to facilitate the recovery 
of CMOFs. This experimental deviation gave rise to different level of e.e.’s since diffusion of the substrates in 
entries 18-23 is slower so the contribution from the non-enantioselective background reaction is higher.  
 
To prove the lack of CMOF catalytic activity in the supernatant of the CMOF-
3b/Ti(OiPr)4 system, we added 4-chlorobenzaldehyde to the supernatant of the diethylzinc to 
benzaldehyde addition reaction mixture. After the addition of Ti(OiPr)4 and diethylzinc to the 
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supernatant, the diethylzinc to 4-chlorobenzaldehyde addition product, 1-(p-chlorophenyl)-1-
propanol, was totally racemic. The e.e. for 1-phenyl-1-propanol has also dropped from 70.0% 
to 18.2% in the supernatant. The formation of totally racemic 1-(p-chlorophenyl)-1-propanol 
in the crossover experiment shows that the supernatant exhibits no CMOF catalytic activity 
for the diethylzinc addition reactions, supporting the heterogeneous nature of the CMOF-
3b/Ti(OiPr)4 catalyst. This was further confirmed by catalyst reuse experiments with the 
CMOF-3b; we were able to recover and reuse CMOF-3b for the diethylzinc addition to 
benzaldehyde without deterioration of conversion, selectivity, and e.e. for up to 5 times 
(Table 2-2, entry 18-23). Furthermore, the solid catalyst recovered from the catalytic 
diethylzinc addition reaction exhibited the same PXRD as the pristine solid of CMOF-3b 
(Figure 2-5), supporting the stability of the CMOF framework during the catalytic reactions.  
Due to the ability to tune the sizes of the open channels in the CMOF series, we were 
intrigued by the possibility of probing the substrate and product diffusion by examining the 
dependence of the e.e.’s on the open channel sizes. As shown in Table 2-2 (entry 5, 11-13), 
the e.e.’s of 1-phenyl-1-propanol resulted from the addition of diethylzinc to benzaldehyde 
are dependent on the CMOF channel sizes. The CMOF-1b/Ti(OiPr)4 gave <3% e.e., 
presumably due to the small channel size that cannot accommodate both benzaldehyde and 
diethylzinc reagents. The 1-phenyl-1-propanol product mostly results from the background 
reaction and is thus essentially racemic. As the channel sizes increase to 2.2 × 1.5 nm for 
CMOF-2b, the e.e. of the 1-phenyl-1-propanol product jumps to 70%, reflecting the 
enhanced diffusion of benzaldehyde and diethylzinc reagents through the channels of the 
CMOF-2b/Ti(OiPr)4 catalyst. The e.e. of the 1-phenyl-1-propanol product further increases to 
82% for the CMOF-3b/Ti(OiPr)4 catalyst and to 84% for the CMOF-4b/Ti(OiPr)4 catalyst. 
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The dependence of e.e. values on the channel sizes was also observed to some extent when 1-
naphthaldehyde was used as the substrate (entry 1, 15-17). The e.e. values increased in the 
order of 9%, 86%, 91%, and 91% for the CMOF-1b to -4b series. PXRD experiments 
suggested that the framework of CMOF-4b is the least stable and tends to distort easily. We 
believe that such a distortion of the CMOF-4b framework can reduce effective sizes of the 
open channels, and as a result, CMOF-4b gave only slightly higher e.e. than CMOF-3b in 
diethylzinc addition to benzaldehyde and the same e.e. as CMOF-3b in diethylzinc addition 
to 1-naphthaldehyde.  
O
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ArH Ti(OiPr)4
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OH
Ar
Ph
O
Ar H
(Eq. 1)
(Eq. 2)
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Figure 2-6. Scheme showing asymmetric diethylzinc and alkynylzinc additions 
catalyzed by the CMOF/Ti(OiPr)4 catalyst. Eq. 1 shows diethylzinc additions and Eq. 2 
shows alkynylzinc additions. The chemical structures of the aldehyde substrates and 
secondary alcohol products are also shown.  
  
To examine the generality of this postsynthetic modification strategy toward 
asymmetric catalysis with CMOFs, we also carried out the addition of alkynylzinc to 
aromatic aldehydes to generate chiral alcohols (Figure 2-6, Eq. 2). Screening experiments 
showed that the CMOF-3b and Ti(OiPr)4 combination is a highly active catalyst for the 
addition of ethyl(phenylalkynyl)zinc to a wide range of aromatic aldehydes to afford chiral 
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alcohols with complete conversions and up to 76% e.e. The solid catalyst recovered from the 
alkynylzinc addition reaction exhibited the same PXRD as the pristine solid of CMOF-3b 
(Figure 2-5), demonstrating that the CMOF framework is stable under the catalytic 
alkynylzinc addition reaction conditions. Control experiments with CMOF-3a also indicated 
a significant background reaction catalyzed by the non-chiral active sites to give the racemic 
alcohols. The lower e.e. values observed for the CMOF-3b/Ti(OiPr)4 catalyst as compared to 
the homogeneous catalyst is probably due to the competing non-enantioselective background 
reaction.46 It is interesting to note that the reaction with 1-naphthaldehyde gave a much lower 
e.e. than the other aromatic aldehydes, presumably due to the hindered diffusion of the large 
aldehyde and alkynylzinc reagents. 
Table 2-4. Alkynylzinc additions to aromatic aldehydes catalyzed by the 
CMOF/Ti(OiPr)4 combinations 
 
entry CMOF- Ar Conv.% e.e.% 
1 3b 4-Me-Ph >99 71
2 3b 4-Cl-Ph >99 59
3 3b 4-Br-Ph >99 69
4 3b 1-Naph >99 31
5 3b Ph >99 76
6 1b Ph >99 0
7 2b Ph >99 0
8 4b Ph >99 77
9 4b 1-Naph >99 49
10 3a Ph >99 0
 
We also carried out the addition of ethyl(phenylalkynyl)zinc to benzaldehyde 
catalyzed by heterogeneous catalysts derived from CMOF-1b, 2b, and 4b. No 
enantioselectivity was observed for the reactions carried out with both CMOF-1b and 
CMOF-2b, supporting the notion that the alkynylzinc addition reaction requires larger open 
36 
 
channels due to the larger sizes of the reagents. Consistent with this, the CMOF-4b/Ti(OiPr)4 
catalyst gave slightly enhanced enantioselectivity (77% e.e. for benzaldehyde and 49% e.e. 
for 1-naphthaldehyde) than the CMOF-3b/Ti(OiPr)4 catalyst (76% e.e. for benzaldehyde and 
31% e.e. for 1-naphthaldehyde). These results demonstrated that the catalytic performances 
of the CMOF-derived catalysts are dependent on the sizes of the open channels due to the 
need to transport large reagent and product molecules. 
2.3 Conclusions 
A family of isoreticular CMOFs was constructed from copper paddle-wheels and 
BINOL-derived tetracarboxylic acid bridging ligands. They have the same non-
interpenetrating framework structures but different open channel sizes, and thus provide an 
ideal platform for generating heterogeneous catalysts by postsynthetic grafting of the Ti(IV) 
complex onto the chiral dihydroxy groups. The CMOF/Ti(OiPr)4 combinations are highly 
active catalysts for the additions of diethylzinc and ethyl(phenylalkynyl)zinc to a wide range 
of aromatic aldehydes to afford chiral secondary alcohols. The framework structure of the 
CMOF-derived catalysts is stable under the catalytic reaction conditions. Furthermore, the 
e.e.’s of these reactions were found to be dependent on the open channel sizes due to the 
competition between the enantioselective (BINOLate)Ti(OiPr)2–catalyzed reaction and the 
non-enantioselective background reaction and the different diffusion rates of the organic 
substrates through the open channels of varied sizes. Isoreticular CMOFs thus represent an 
ideal tunable platform for designing heterogenized asymmetric catalysts that have uniform 
active catalytic sites, identical secondary environments, and controllable open channel and 
pore sizes. 
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2.4 Experimental  
2.4.1 General Procedures and Instrumentation  
All of the solvents were purchased from Fisher and used without further purification. 
All of the reactions and manipulations were carried out under Argon with the use of standard 
inert atmosphere and Schlenk techniques or inside a nitrogen-filled glovebox. 1NMR spectra 
were recorded on a Bruker NMR 400 DRX spectrometer at 400 MHz and referenced to the 
proton resonance resulting from incomplete deuteration of the deuterated chloroform (δ 
7.26). 13C{1H} NMR spectra were recorded at 100 MHz, and all of the chemical shifts are 
reported downfield in ppm relative to the carbon resonance of chloroform-d1 (δ 77.0). Mass 
Spectrometric analyses were conducted using positive-ion electrospray ionization on a 
Bruker BioTOF mass spectrometer. Thermogravimetric analysis (TGA) was performed in air 
using a Shimadzu TGA-50 equipped with a platinum pan and heated at a rate of 5 °C per 
minute. Single-crystal X-ray diffraction and Powder X-ray diffraction (PXRD) patterns were 
collected on a Bruker SMART APEX II diffractometer using Cu radiation. The PXRD 
patterns were processed with the APEX 2 package using PILOT plug-in. Nitrogen adsorption 
experiments were performed with Autosorb-1C from Quantachrome, Inc. (R)- 2,2’-diethoxy-
1,1’-binaphthyl-4,4’,6,6’-tetrakis(methyl 4-benzoate) (L3a-Me4) and (R)- 2,2’-diethoxy-1,1’-
binaphthyl-4,4’,6,6’-tetrakis(4-benzoic acid) (L3a-H4) and CMOF-3a were synthesized 
according to a previously published procedure.46 Diethylzinc (Et2Zn) was pursed from 
Sigma-Aldrich. Ethylphenylethynyl zinc (Zn(Et)(CCPh) was prepared by heating equal 
equivalents of phenylacetylene and diethylzinc at 100 oC for one hour in toluene, and the 
resulting white precipitate was shown to be the desired product by NMR spectroscopy.  
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Abbreviations, DMF: dimethylformamide; DEF: diethylformamide; DMA: 
dimethylacetylmide. 
2.4.2 Procedures for ligand synthesis 
 Synthesis of (R)-2,2’-diethoxy-1,1’binaphthyl-4,4’,6,6’-tetracarbonitrile. (R)-
4,4’,6,6’-tetrabromo-2,2’-diethoxy-1,1’-binapthalene (4.00 g, 6.08 mmol) was added to 75 
mL of dimethylformamide. After being degassed with argon for 20 minutes, CuCN (5.36 g, 
59.85 mmol) was added to the solution. The resulting mixture was further degassed for 10 
minutes and then heated at 140 ºC in an oil bath for 2 days. After cooling to room 
temperature, the mixture was extracted with CH2Cl2 and washed with H2O several times. The 
organic layer was dried with MgSO4 and the solvent removed with a rotary evaporator. The 
resulting crude product was purified by column chromatography using silica gel and 0.5% 
ethyl acetate in CH2Cl2 as the eluent to yield (R)-2,2’-diethoxy-1,1’binaphthyl-4,4’,6,6’-
tetracarbonitrile as a white solid (2.15 g, 82%). 1H NMR (CDCl3): δ 8.63 (s, 2H); 7.88 (s, 
2H); 7.47 (d, J = 8.0 Hz, 2H); 7.11 (d, J = 8.0 Hz, 2H); 4.13 (q, J = 7.2 Hz, 4H); 1.13 (t, J = 
7.2 Hz, 6H).  
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Synthesis of (R)-2,2’-diethoxy-1,1’binaphthyl-4,4’,6,6’-tetracarboxylic acid (L1a-
H4). To a suspension of (R)-2,2’-diethoxy-1,1’binaphthyl-4,4’,6,6’-tetracarbonitrile (2.15 g,  
 
4.86 mmol) in 75 mL of EtOH, 75 mL of NaOH aqueous solution (6 M) was added. The 
mixture was heated to 80 ºC overnight. After cooling to room temperature, the clear solution 
was poured into an ice/H2O/HCl mixture and allowed to warm to room temperature. The 
product was extracted with ethyl acetate and washed with H2O. The organic layer was 
collected and dried with MgSO4 and the solvent removed with a rotary evaporator to yield 
L1a-H4 as a white powder (2.34 g, 92%). 1H NMR (DMSO-d6): δ 13.21 (br, 4H); 9.53 (s, 
2H); 8.17 (s, 2H); 7.77 (d, J = 8.0 Hz, 2H); 7.07 (d, J = 8.0 Hz, 2H); 4.17 (q, J = 7.2 Hz, 4H); 
1.04 (t, J = 7.2 Hz, 6H). 13C NMR (DMSO-d6): δ 168.8; 168.1; 155.1; 136.4; 132.1; 129.5; 
127.7; 126.9; 126.0; 123.4; 119.3; 65.2; 15.28. MS (ESI) 1046.72; calcd. for 
[C28H19O10Cs4]+: 1046.72.   
 
 
Synthesis of (R)-(2E,2'E,2''E,2'''E)-tetramethyl 3,3',3'',3'''-(2,2'-diethoxy-1,1'-
binaphthyl-4,4',6,6'-tetrayl)tetraacrylate (L2a-Me4). To a solution of (R)-4,4’,6,6’- 
 
tetrabromo-2,2’-diethoxy-1,1’-binapthalene (5.00 g, 7.6 mmol) in 20 mL NEt3 and 40 mL 
DMF in a 75-mL pressure vessel with magnetic stirrer, methyl acrylate (15.0 mL, 0.167 mol) 
was added. After being degassed with argon for 35 minutes, Pd(OAc)2 (0.21 g, 0.94 mmol) 
and P(o-toluene)3 (0.28 g, 0.92 mmol) were added. The resulting solution was further 
degassed for 10 minutes, and then the pressure vessel was sealed by Teflon bushing. The 
reaction mixture was heated to 120 ºC in an oil bath for 2 days. After cooling to room 
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temperature, the mixture was filtered into a round-bottom flask and NEt3 removed with a 
rotary evaporator. The resulting dark green solution was diluted in 100 mL MeOH, 2.5 mL 
H2SO4 (conc.) were added, and the mixture was heated at 80 ºC overnight. After cooling to 
room temperature, the product was extracted with CH2Cl2 and washed several times with 
H2O. The organic layer was collected, dried with MgSO4, and the solvent was removed with 
a rotary evaporator. The resulting crude product was purified by column chromatography 
using silica gel and 2% ethyl acetate in CH2Cl2 as the eluent to yield L2a-Me4 as a bright 
yellow solid (1.78 g, 34.5%). 1H NMR (CDCl3): δ 8.60 (d, J = 16.0, 2H); 8.26 (s, 2H); 7.86 
(d, J = 16.0, 2H); 7.65 (s, 2H); 7.45 (d, J = 8.0 Hz, 2H); 7.13 (d, J = 8.0 Hz, 2H); 6.63 (d, J = 
16.0 Hz, 2H); 6.46 (d, J = 16.0 Hz, 2H); 4.12 (q, J = 7.2 Hz, 4H); 3.92 (s, 6H); 3.81 (s, 6H); 
1.11 (t, J = 7.2 Hz, 6H). 
 
Synthesis of (R)-(2E,2'E,2''E,2'''E)-3,3',3'',3'''-(2,2'-diethoxy-1,1'-binaphthyl-
4,4',6,6'-tetrayl)tetraacrylic acid (L2a-H4). To a suspension of L2a-Me4 (1.00 g, 1.47  
 
mmol) in 50 mL EtOH and 50 mL H2O, 50 mL NaOH aqueous solution (6M) was added. 
The mixture was heated to 80 ºC overnight. After cooling to room temperature, the clear 
solution was poured into an ice/H2O/HCl mixture and allowed to warm to room temperature. 
The product was extracted with ethyl acetate and washed with H2O. The organic layer was 
collected and dried with MgSO4 and solvent removed with a rotary evaporator to yield L2a-
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H4 as a white powder (0.86 g, 94%).  1H NMR (DMSO-d6): δ 12.46 (br, 4H); 8.54 (d, J = 
16.0 Hz, 2 H); 8.47 (s, 2H); 7.96 (s, 2H); 7.84 (d, J = 16.0 Hz, 2H); 7.66 (d, J = 8.8 Hz, 2H); 
6.93 (d, J = 8.8 Hz, 2H); 6.85 (d, J = 16.0 Hz, 2H); 6.51 (d, J = 16.0 Hz, 2H); 4.20 (q, J = 7.2 
Hz, 4H); 1.01 (t, J = 7.2, 6H). 13C NMR (DMSO-d6): δ 172.9; 172.8; 159.9; 149.4; 145.0; 
139.6; 138.9; 135.6; 131.7; 131.5; 131.0; 129.5; 128.3; 126.6; 124.1; 119.3; 69.5; 19.8. MS 
(ESI) 886.99; calc. for {C36H29O10Cs2]+: 886.96. 
 
Synthesis of (R)- Tetramethyl 4,4',4'',4'''-(1E,1'E,1''E,1'''E)-2,2',2'',2'''-(2,2'-
diethoxy-1,1'-binaphthyl-4,4',6,6'-tetrayl)tetrakis(ethene-2,1-diyl)tetrabenzoate (L4a-
Me4). To a solution of (R)-4,4’,6,6’-tetrabromo-2,2’-diethoxy-1,1’-binapthalene (2.00 g, 3.04  
 
mmol) in 10 mL Et3N and 20 mL DMF in a 75-mL pressure vessel with magnetic stirrer, 
methyl (4-vinyl)benzoate (2.47 g, 15.2 mmol) was added. After being degassed with argon 
for 35 minutes, Pd(OAc)2 (0.055 g, 0.24 mmol) and P(o-toluene)3 (0.148 g, 0.49 mmol) were 
added. The resulting solution was further degassed for 10 minutes, and then the pressure 
vessel was sealed by Teflon bushing. The reaction mixture was heated to 120 ºC in an oil 
bath for 2 days. After cooling to room temperature, the mixture was filtered into a round-
bottom flask and the solvent removed with a rotary evaporator. The resulting dark green 
solution was diluted in 250 mL MeOH, 4 mL H2SO4 (conc.) were added, and the mixture 
was heated at 80 ºC overnight. After cooling to room temperature, the product was extracted 
with CH2Cl2 and washed several times with H2O. The organic layer was collected, dried with 
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MgSO4, and the solvent was removed with a rotary evaporator. The resulting crude product 
was purified by column chromatography using silica gel and 0.5% ethyl acetate in CH2Cl2 as 
the eluent to yield L4a-Me4 as a bright yellow solid (0.57 g, 19.0%). 1H NMR (CDCl3): δ 8.23 
(s, 2H); 8.1545 (d, J = 16.0 Hz, 2H); 8.1525 (d, J = 8.0 Hz, 4H); 8.03 (d, J = 8.0 Hz, 4H); 
7.77 (d, J = 8.0 Hz, 4H); 7.70 (s, 2H); 7.60 (d, J = 8.0 Hz); 7.56 (d, J = 8.0 Hz, 2H); 7.44 (d, 
J = 16.0 Hz, 2H); 7.32 (d, J = 16.0 Hz, 2H); 7.24 (d, J = 8.0 Hz, 2H); 7.16 (d, J = 16.0 Hz, 
2H); 4.18 (q, J = 7.2 Hz, 4H); 3.99 (s, 6H); 3.93 (s, 6H); 1.18 (t, J = 7.2 Hz, 6H). 
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Synthesis of (R)-4,4',4'',4'''-(1E,1'E,1''E,1'''E)-2,2',2'',2'''-(2,2'-diethoxy-1,1'-
binaphthyl-4,4',6,6'-tetrayl)tetrakis(ethene-2,1-diyl)tetrabenzoic acid (L4a-H4).  To a  
 
suspension of L4a-Me4 (0.50 g, 0.51 mmol) in 25 mL of EtOH and 25 mL of H2O, 25 mL of 
NaOH aqueous solution (6M) was added. The mixture was heated to 80 ºC overnight. After 
cooling to room temperature, the clear solution was poured into an ice/H2O/HCl mixture and 
allowed to warm to room temperature. The product was extracted with ethyl acetate and 
washed with H2O. The organic layer was collected and dried with MgSO4 and solvent 
removed with a rotary evaporator to yield L4b-H4 as a white powder (0.46 g, 97%). 1H NMR 
(DMSO-d6): δ 12.92 (br, 4H); 8.61 (s, 2H); 8.40 (d, J = 16.0 Hz, 2H); 8.05 (d, J = 8.0 Hz, 
4H); 8.00 (d, J = 8.0 Hz, 4H); 7.96 (d, J = 8.0 Hz, 4H); 7.74 (d, J = 8.0 Hz, 4H); 7.72 (d, J = 
8.0 Hz, 2H), largely obstructed by peaks at 7.74 and 7.70; 7.70 (d, J = 16.0 Hz, 2H); 7.66 (d, 
J = 16.0 Hz, 2H); 7.38 (d, J = 16.0 Hz, 2H); 7.06 (d, J = 8.0 Hz, 2H); 4.24 (q, J = 7.2 Hz, 
4H); 1.08 (t, J = 7.2 Hz, 6H). 13C NMR (DMSO-d6): δ 167.1; 167.0; 153.3; 141.7; 135.6; 
131.0; 129.9; 129.8; 129.5; 129.4; 127.1; 126.3; 64.4; 14.8. MS (ESI) 1191.11; calcd. for 
[C60H45O10Cs2]+: 1191.09. 
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Synthesis of (R) - Tetramethyl 2,2'-diethoxy-1,1'-binaphthyl-4,4',6,6'-
tetracarboxylate (L1a-Me4). To a suspension of L1a-H4 (2.76 g, 5.3 mmol) in 250 mL 
 
 MeOH, 5 mL H2SO4 was added slowly. The mixture was heated to 80 ºC overnight. After 
cooling to room temperature, the product was extracted with CH2Cl2 and washed with H2O. 
The organic layer was collected and dried with MgSO4 and the solvent removed with a rotary 
evaporator to yield L1-Me4 as a white powder (2.52 g, 83%). 1H NMR (CDCl3): δ 9.62 (s, 
2H); 8.11 (s, 2H); 7.82 (d, J = 8.8 Hz, 2H); 7.12 (d, J = 8.8 Hz, 2H); 4.12 (m, J = 7.2 Hz; 
4H); 4.11 (s, 6H); 4.09 (s, 6H); 1.07 (t, J = 6.0 Hz, 6H). 
 
 
Synthesis of (R) - 2,2'-dihydroxy-1,1'-binaphthyl-4,4',6,6'-tetracarboxylic acid 
(L1b-H4). To a solution of L1a-Me4 (1.25 g, 2.2 mmol) in 100 mL of degassed CH2Cl2, 3.11  
 
mL of BBr3 (33 mmol) was added dropwise. The solution was then heated under reflux at 50 
ºC overnight. After cooling to room temperature, the solution was slowly poured into an 
ice/H2O mixture and stirred while warming to room temperature. The product was then 
extracted with ethyl acetate and washed with H2O. The organic layer was collected and the 
solvent was removed by rotary evaporation to yield L1b-H4 as a yellow powder (0.92 g, 91%). 
1H NMR (DMSO-d6): δ 13.40 (br, 4H); 10.18 (br, 2H); 9.53 (s, 2H); 8.05 (s, 2H); 7.75 (d, J 
= 8.8 Hz, 2H); 7.07 (d, J = 8.8 Hz, 2H). 13C NMR (DMSO-d6): δ 168.1; 167.7; 154.0; 136.6; 
130.6; 128.9; 126.2; 126.0; 125.0; 124.9; 122.7; 119.64. MS (ESI) 858.76, calcd. for 
[C24H12O10Cs3]+: 858.75.  
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Synthesis of (R)-(2E,2'E,2''E,2'''E)-3,3',3'',3'''-(2,2'-dihydroxy-1,1'-binaphthyl-
4,4',6,6'-tetrayl)tetraacrylic acid (L2b-H4). To a solution of L2a-Me4 (0.5 g, 0.74 mmol) in  
 
25 mL of degassed CH2Cl2 at 0 ºC (with an ice/H2O bath), 1.2 mL of BBr3 (11.1 mmol) was 
added dropwise. The solution was then slowly allowed to warm to room temperature and 
allowed to react overnight. The resulting brown mixture and precipitate was then slowly 
added to an ice/H2O solution and gradually warmed to room temperature. The product was 
extracted with ethyl acetate and washed with H2O. The organic layer was collected, dried, 
and the solvent was removed on a rotary evaporator yielding an orange solid. This solid was 
then suspended in 75 mL solution composed of equal parts H2O, EtOH, and 6M NaOH, then 
heated to reflux at 80 ºC overnight. The reaction was then allowed to cool to room 
temperature before being slowly added to ice/HCl solution which was stirred and gradually 
allowed to warm to room temperature. The product was extracted with ethyl acetate, washed 
with H2O, and dried. The solvent was removed on a rotary evaporator to yield L2b-H4 as a 
yellow-orange solid (0.34 g, 82%). 1H NMR (DMSO-d6): δ 12.46 (br, 4H); 9.86 (s, 2H); 8.52 
(d, J = 16.4 Hz, 2H); 8.42 (s, 2H); 7.84 (d, J = 16.0 Hz, 2H); 7.68 (s, 2H); 7.66 (s, 2H); 6.99 
(d, J = 8.8 Hz, 2H); 6.54 (d, J = 12.0 Hz, 2H); 6.51 (d, J = 12.0 Hz, 2H). 13C NMR (DMSO-
d6): δ 172.0; 167.7; 167.3; 154.1; 144.4; 140.2; 135.3; 133.7; 133.5; 129.7; 126.0; 124.3; 
122.5; 118.5; 118.3; 117.5. MS (ESI) 962.81; calcd. for [C32H20O10Cs3]+ : 962.81. 
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Synthesis of (R)-2,2’-dihydroxy-1,1’-dinaphthyl-4,4’,6,6’-tetrakis(4-benzoic acid) 
(L3b-H4). To a solution of L3a-Me4 (0.575g, 0.69 mmol) in 80 mL of degassed CH2Cl2 at 
 
 0 °C (with an ice/H2O bath), 0.1.14mL (11.83mmol) of BBr3 was added dropwise. The 
solution was then allowed to warm to room temperature and react over 2 days. The resulting 
mixture was then poured slowly into an ice/HCl/H2O solution and gradually warmed to room 
temperature. The product was extracted with ethyl acetate and washed with H2O. The organic 
layer was collected, dried, and the solvent was removed on a rotary evaporator to yield L3b-
H4 as an orange powder (0.4 g, 75%). 1H NMR (DMSO-d6): δ 13.03(br, 4H); 9.78(s, 2H); 
8.19(d, J=8.4Hz, 4H); 8.045(s, 2H); 7.83 (d, J=8.4 Hz, 4H); 7.69 (d, J=8.4 Hz, 4H); 7.384(s, 
2H); 7.29(d, J=9.2 Hz, 2H). 13C NMR (DMSO-d6): δ 167.2; 153.2; 144.7; 144.3; 140.2; 
134.3; 133.8; 130.1; 129.3; 126.8; 125.9; 125.5; 123.6; 120.1. MS (ESI) 1162.88; calcd. for 
[C48H28O10Cs3]+: 1162.88.  
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Synthesis of (R)- 4,4',4'',4'''-(1E,1'E,1''E,1'''E)-2,2',2'',2'''-(2,2'-dihydroxy-1,1'-
binaphthyl-4,4',6,6'-tetrayl)tetrakis(ethene-2,1-diyl)tetrabenzoic acid (L4b-H4). To a  
 
solution of L4a-Me4 (0.27g, 0.275 mmol) in 25 mL of degassed CH2Cl2, cooled to 0 °C in an 
ice/H2O bath, 0.39 mL (4.12mmol) BBr3 were added dropwise. The solution was then 
allowed to warm to room temperature and allowed to react overnight. The resulting mixture 
was then poured slowly into an ice/H2O solution and gradually warmed to room pemperature. 
The product was extracted with ethyl acetate and washed with H2O. The organic layer was 
collected, dried, and the solvent was removed on a rotary evaporator to yield L4b-H4 as a 
brown solid (0.191g, 80%). 1H NMR (DMSO-d6): δ 9.59 (br, 4H); 8.54 (s, 2H); 8.37(d, 
J=16.4 Hz, 2H); ); 8.04 (d, J = 8.3 Hz, 4H); 7.99 (d, J = 8.2 Hz, 4H); 7.94 (d, J = 8.4 Hz, 
4H); 7.74 (d, J = 8.0 Hz, 4H); 7.73 (d, J = 8.6 Hz, 2H), largely obstructed by peaks at 7.74 
and 7.70; 7.70 (d, J = 10.6 Hz, 2H); 7.38(d, J = 15.6 Hz, 2H); 7.35 (d, J = 16.5 Hz, 2H); 7.08 
(d, J = 9.2 Hz, 2H). 13C NMR (DMSO-d6): δ 172.7; 167.83; 167.78; 154.2; 142.5; 142.2; 
136.0; 135.1; 132.1; 131.0; 130.5; 129.9; 128.4; 127.8; 127.1; 126.9 117.6. MS (ESI) 831.81; 
calcd. for [C56H34O10Cs6]2+: 831.81 
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2.4.3 Synthesis of isoreticular CMOFs. 
Synthesis of [R – L1aCu2(DEF)2]•3.5DEF•4H2O (CMOF-1a).   A mixture of L1a-H4 
(10 mg, 0.019 mmol) and Cu(NO3)2•2.5 H2O (20 mg, 0.086 mmol) were dissolved into 
solvent mixture of DEF/H2O (1.5 mL/ 0.5 mL), in a 1-dram, screw-capped vial. After 
addition of 25 µL HCl (3M, aq.), the vial was capped and placed into an oven at 80 ºC for 
one day. Blue - green crystals (7.32 mg, 39%) were obtained after filtration. Solvent content 
calculated from proposed formula: DEF, 33.1%; H2O 6.7% ; determined by 1H NMR/TGA: 
DEF, 33.4%; H2O 6.9%. 
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Figure 2-7. 1H NMR (methanol-d4) spectroscopic determination of solvent content in 
CMOF-1a (13.21 mg), mesitylene (Mes) was added as an internal standard. 
 
 
Figure 2-8. Thermogravimetric analysis (TGA) curve for CMOF-1a. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min. 
 
Synthesis of [R – L2aCu2(H2O)2]• 9 DMF • 14 H2O (CMOF-2a). A mixture of L2a-
H4 (2 mg, 0.003 mmol) and Cu(NO3)2 • 2.5 H2O (3 mg, 0.013 mmol) were dissolved into 
solvent mixture of DMF/H2O (0.3 mL/ 0.1 mL), in a 0.5-dram, screw-capped vial. After 
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addition of 5 µL HCl (3 M, aq.), the vial was capped and placed into an oven at 80 ºC  
crystals (1.46 mg, 28%) were obtained after filtration. Solvent content calculated from 
proposed formula: DMF, 39.7%; H2O 15.2%; determined by 1H NMR/TGA: DMF 39.8%; 
H2O 16.2%. 
 
Figure 2-9. 1H NMR (acetone-d6) spectroscopic determination of solvent content in 
CMOF-2a (15.29 mg). , mesitylene (Mes) was added as an internal standard. 
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Figure 2-10. Thermogravimetric analysis (TGA) curve for CMOF-2a. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min. 
 
Synthesis of [R – L4aCu2(H2O)2] • 10 DEF • 14 DMA • 5 H2O (CMOF-4a). A 
mixture of L4a (2 mg, 0.002 mmol) and Cu(NO3)2 • 2.5 H2O (3 mg, 0.013 mmol) were 
dissolved into solvent mixture of DEF/DMA/H2O (0.15 mL/0.15 mL/ 0.1 mL), in a 0.5-dram, 
screw-capped vial. After addition of 10 µL HCl (3 M, aq.), the vial was capped and placed 
into an oven at 80 ºC for three days. Green crystals (2.79 mg , 12.6% yield) were obtained 
after filtration. Solvent content calculated from proposed formula: DEF 30.5%; DMA 36.7% 
H2O 2.7%; determined by 1H NMR/TGA: DEF 29.79%; DMA 36.83; H2O 2.54%. 
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Figure 2-11. 1H NMR (acetone-d6) spectroscopic determination of solvent content in 
CMOF-4a (8.37 mg), mesitylene (Mes) was added as an internal standard 
 
 
Figure 2-12. Thermogravimetric analysis (TGA) curve for CMOF-4a. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min 
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Synthesis of [R – L1bCu2(H2O)2] • 6.5 DEF • 9 H2O (CMOF-1b). A mixture of L1b-
H4 (2 mg, 0.043 mmol) and Cu(NO3)2•2.5 H2O (3 mg, 0.12 mmol) were dissolved into 
solvent mixture of DEF/H2O (8 mL/2mL), The solution was partitioned into 1mL portions in 
1-dram screw cap vials. These vials were capped and placed into an oven at 60 ºC for two 
days. A green crystalline powder (13.45 mg, 44%) was obtained after filtration. Solvent 
content calculated from proposed formula: DEF 46.8 H2O 11.5%. Solvent content 
determined by 1H NMR/TGA: DEF, 47%; H2O 11.4%. 
 
Figure 2-13. 1HNMR (methanol-d4) spectroscopic determination of solvent content in 
CMOF-1b (19.58 mg), mesitylene (Mes) was added as an internal standard 
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Figure 2-14. Thermogravimetric analysis (TGA) curve for CMOF-1b. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min 
 
Synthesis of [R – L2bCu2(H2O)2] • 11 DEF 3H2O (CMOF-2b). A mixture of L2b-H4 
(10 mg, 0.018 mmol) and Cu(NO3)2 • 2.5 H2O (15 mg, 0.065 mmol) were dissolved into 
solvent mixture of DEF/H2O (1.0 mL/0.25 mL), in a 1-dram, screw-capped vial. The vial was 
capped and placed into an oven at 80 ºC for two days. Green crystals (10.56 mg, 37%) were 
obtained after filtration. Solvent content calculated from proposed formula: DEF, 60 %; H2O, 
2.9%; determined by 1H NMR/TGA: DEF, 60.8%; H2O, 2.7%. 
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Figure 2-15. 1H NMR (methanol-d4) spectroscopic determination of solvent content 
in CMOF-2b (38.9 mg), mesitylene (Mes) was added as an internal standard 
 
 
 
Figure 2-16. Thermogravimetric analysis (TGA) curve for CMOF-2b. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min 
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Synthesis of [R - L3bCu2(H2O)2 ] 13 DMF 11 iPrOH 4.5 • H2O (CMOF-3b). A 
mixture of L3b-H4 (7.5 mg, 0.0098 mmol ) and Cu(NO3)2 • 2.5 H2O ( 5mg, 0.0.02mmol ) 
were dissolved in a solvent mixture of DEF/H2O (0.5mL/0.2mL). The solution was charged 
into a 1 dram vial. A 20 gauge hole was punctured in the cap and the vial placed into a 20 mL 
screwcap vial with 1 mL of isopropanol and heated to 60°C for three days. Blue crystal 
(11.56 mg, 48.9%) were obtained after filtration. Solvent content calculated from proposed 
formula: DMF, 36.7 %; iPrOH, 25.6%; H2O, 3.1%. Solvent content determined by 1H 
NMR/TGA: DMF, 37.2 %, iPrOH, 25.58%; H2O, 3.2%. 
 
Figure 2-17. 1HNMR (methanol-d4) spectroscopic determination of solvent content in 
CMOF-3b (11.6 mg), mesitylene (Mes) was added as an internal standard 
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Figure 2-18. Thermogravimetric analysis (TGA) curve for CMOF-3b. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min 
 
Synthesis of [R – L4bCu2(H2O)2] •6.5 DEF • 19 DMF • 8.5 iPrOH (CMOF-4b). A 
mixture of L4b-H4 (2 mg, 0.0023 mmol) and Cu(NO3)2 • 2.5 H2O (3 , 0.012 mmol) were 
dissolved into solvent mixture of DMF/DEF/H2O (0.2mL/0.1mL/ 0.1 mL), in a 1-dram vial. 
A 20 gauge hole was punctured in the cap and the vial placed into a 20 mL screwcap vial 
with 1 mL of isopropanol and heated to 60°C for two days. Green crystals (3.1 mg, 43%) 
were obtained after filtration. Solvent content calculated from proposed formula: DEF, 18.8 
%; DMF, 39.7%; iPrOH 14.6% H2O 1%. Solvent content determined by 1H NMR/TGA: DEF 
18.4%, DMF 39.4%; iPrOH 14.5% H2O 1%. 
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Figure 2-19. 1H NMR (methanol-d4) spectroscopic determination of solvent content 
in CMOF-4b (9.2 mg), mesitylene (Mes) was added as an internal standard 
 
 
Figure 2-20. Thermogravimetric analysis (TGA) curve for CMOF-4b. The sample 
was heated to 600 ºC at a heating rate of 5 ºC/min 
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2.4.4 X-ray Structure Determination 
All crystallographic measurements were made on a Bruker SMART Apex II CCD-
based X-ray diffractometer system operated at 1500 watts power (for Mo-target X-ray tube) 
or 1600 watts (for Cu-target X-ray tube). The crystals were mounted inside a capillary (0.7 
mm ID) with small amount of mother liquid to prevent solvent loss from the crystal 
frameworks. The frames were integrated with the Bruker SAINT© build in APEX II 
software package using a narrow-frame integration algorithm, which also corrects for the 
Lorentz and polarization effects. Absorption corrections were applied using SADABS. 
Structures were solved by direct methods and refined to convergence by least squares method 
on F2 using the SHELXTL software suite. All non-hydrogen atoms are refined 
anisotropically. 
SQUEEZE subroutine of the PLATON software suite was applied to remove the 
scattering from the highly disordered guest molecules. The resulting new HKL4 files were 
used to further refine the structures. Due to the relatively weak diffraction and low resolution 
(>1Å, especially for CMOF-3b, 7 and 8), which is not uncommon for this kind of 
framework with very large solvent accessible void space, restraints (SIMU and DELU) on 
displacement parameters, and DFIX for some bond lengths are applied, and all the phenyl 
rings are constrained to ideal six-membered rings. Data resolutions are 0.84 Å, 0.92 Å, 1.1 Å, 
1.5 Å, 1.8 Å and 1.8 Å for CMOF-1a, 3, 4, 6, 7 and 8, respectively.  
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Table 2-4. Crystal data and structure refinement for isoreticular CMOFs 
Compound CMOF-1a CMOF-2a CMOF-2b 
Empirical formula C38H8O12N2Cu2 C36H26O12Cu2 C32H16O12Cu2 
Formula weight 811.54 777.65 719.52 
Temperature (K) 293 223 223 
Wavelength (Å) 0.71073 1.54178 0.71073 
Crystal system Tetragonal Tetragonal Tetragonal 
Space group I4122 I4122 I4122 
Unit cell dimensions 
a = b = 
15.7125(3) 
a = b = 
21.4169(3) 
a = b = 21.049(5) 
c = 47.3137(14) c = 57.6768(11) c = 57.878(13) 
α = β = γ = 90o α = β = γ = 90o α = β = γ = 90o 
Volume (Å3) 11680.9(5) 26455.4(7) 25643(10) 
Z 8 8 8 
Density (calcd. g/cm3) 0.923 0.390 0.373 
Absorption coeff. (mm-
1) 
0.769 0.540 0.347 
F(000) 3232 3168 2896 
Crystal size (mm) 0.50 × 0.40 × 0.30 0.60 × 0.40 × 0.40 0.60 × 0.40 × 0.40 
Crystal color & shape 
Blue tetragonal 
dipyramid 
Blue tetragonal 
dipyramid 
Blue tetragonal 
dipyramid 
 range data collection 1.37 ~ 25.01 2.20 ~ 57.0 1.03 ~ 17.32 
Limiting indices -18< h <18 -20< h <20 -17< h <17 
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-17< k <18 -21< k <21 -17< k <17 
-56< l <56 -56< l <57 -48< l <48 
Reflections collected 35603 40927 14872 
Independent reflections 
5160, [R(int) = 
0.074] 
6889, [R(int) = 
0.096] 
3907, [R(int) = 
0.12] 
Refinement method Full-matrix least-square on F2 
Data/restraints/paramet
ers 
5160/22/238 6889/12/215 3907/202/198 
Flack parameter 0.04(2) 0.01(4) 0.04(4) 
Goodness-of-fit on F2 0.975 0.856 0.849 
Final R indices 
[I>2σ(I)]a,b 
R1 = 0.0450 R1 = 0.0519 R1 = 0.0648 
wR2 = 0.1267 wR2 = 0.1163 wR2 = 0.1596 
R indices (all data) 
R1 = 0.0501 R1 = 0.0716 R1 = 0.1121 
wR2 = 0.1299 wR2 = 0.1233 wR2 = 0.1719 
 
 
Compound CMOF-3b CMOF-4a CMOF-4b 
Empirical formula C48H26O12Cu2 C60H32O12Cu2 C56H32O12Cu2 
Formula weight 921.76 1071.94 1023.90 
Temperature (K) 296 296 296 
Wavelength (Å) 1.54178 1.54178 1.54178 
Crystal system Tetragonal Tetragonal Tetragonal 
Space group I4122 I4122 I4122 
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Unit cell dimensions 
a = b = 23.849(6) 
a = b = 
30.9491(13) 
a = b = 30.782(2) 
c = 73.11(2) c = 80.725(3) c = 81.603(5) 
α = β = γ = 90o α = β = γ = 90o α = β = γ = 90o 
Volume (Å3) 41582(19) 77323(6) 77320(8) 
Z 8 8 8 
Density (calcd. g/cm3) 0.294 0.184 0.176 
Absorption coeff. (mm-
1) 
0.364 0.207 0.203 
F(000) 3744 4368 4176 
Crystal size (mm) 0.40 × 0.20 ×0.20  0.60 × 0.40 × 0.40 
0.60 × 0.40 × 
0.40 
Crystal color & shape 
Blue tetragonal 
dipyramid 
Blue tetragonal 
dipyramid 
Blue tetragonal 
dipyramid 
 range data collection 1.95 ~ 31.05 1.53 ~ 25.0 1.53 ~ 50.0 
Limiting indices 
-15< h <15 -15< h <16 -16< h <16 
-15< k <15 -16< k <10 -16< k <16 
-45< l <48 -40< l <40 -44< l <40 
Reflections collected 17764 10348 21654 
Independent reflections 
3258, [R(int) = 
0.098] 
3333, [R(int) = 
0.20] 
3349, [R(int) = 
0.15] 
Refinement method Full-matrix least-square on F2 
Data/restraints/paramet 3258/123/245 3333/310/300 3349/384/282 
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ers 
Goodness-of-fit on F2 0.891 1.323 0.982 
Final R indices 
[I>2σ(I)]a,b 
R1 = 0.0521 R1 = 0.1249 R1 = 0.0923 
wR2 = 0.1261 wR2 = 0.3043 wR2 = 0.2295 
R indices (all data) 
R1 = 0.0851 R1 = 0.1620 R1 = 0.1506 
wR2 = 0.1363 wR2 = 0.3226 wR2 = 0.2515 
a R(F) =Σ||Fo| - |Fc||/Σ|Fo|. b RW(F2) = [Σ{w(Fo2 - Fc2)2}/Σ{w(Fo2)2}]0.5; w-1 = σ2(Fo2) + (aP)2 + 
bP, where P= [Fo2 + 2Fc2]/3 and a and b are constants adjusted by the program. 
2.4.5 Quantitative determination of the content of solvent molecules 
Due to the ease of losing solvent molecules in the metal-organic frameworks after 
removal from the mother liquid, precise determination of the solvent molecule content by 
elemental analysis is difficult. However, combining NMR and TGA results allow deduction 
of the solvent content quantitatively. For MOFs 1a – 4b reported herein, DEF/H2O, 
DMF/H2O, DMA/H2O, or the combination of DEF/DMA/H2O is used as solvent during 
crystal growth. To minimize the experimental error, each sample is treated in the same way 
for both experiments, 1H NMR and TGA. Fresh crystals are harvested by quick filtration and 
briefly dried on filter paper under air for two minutes. The sample is then loaded into the 
sample tray for TGA or a screw-capped. To the vial, 0.75 mL CD3OD or acetone-d6 is added. 
Then 10 µL mesitylene (Mes) is added as an internal standard. The crystals are then soaked 
overnight to ensure thorough solvent exchange from within the pores. The supernatant is then 
pipetted into an NMR tube and a 1H NMR spectrum is taken on a 400 MHz Bruker NMR 
spectrometer. As DMF, DEF, and DMA are miscible in CD3OD and acetone-d6, the exact 
amount of these solvents is calculated against the internal standard following integration. 
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Following determination of the total amount of solvent by TGA, the amount of water 
molecules can thus be calculated. The 1H NMR spectra and TGA results are shown in 
Figures 2-11, 2-13, 2-15, 2-17. 
2.4.6 X-ray Powder Diffraction 
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Figure 2-21. Powder X-ray diffraction patterns of CMOF-1a. Simulated patterns 
from single crystal structure of CMOF-1a (blue), as synthesized sample (red), and evacuated 
sample (black) 
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Figure 2-22. Powder X-ray diffraction patterns of pristine CMOF-1b (blue) and 
CMOF-1a (green). Cell parameters indexed from WinPLOT [ver. Mar 2009], a = b = 
15.42(3), c = 47.03(8), α = β = γ = 90o, V = 11178.34  
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Figure 2-23. Powder X-ray diffraction patterns of CMOF-2a. Simulated patterns 
from single crystal structure of CMOF-2a (blue), as synthesized sample (red), and evacuated 
sample (black) 
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Figure 2-24. Powder X-ray diffraction patterns of CMOF-2b. Simulated patterns 
from single crystal structure of CMOF-2b (blue), as synthesized sample (red), and evacuated 
sample (black) 
 
5 10 15 20 25 30
0
200
400
600
800
1000  Fresh sample
 Simulated from CIF
 
In
te
ns
ity
 (a
.u
.)
2   
Figure 2-25. Powder X-ray diffraction patterns of CMOF-3b. Simulated patterns 
from single crystal structure of CMOF-3b (blue), as synthesized sample (red) 
67 
 
5 10 15 20 25 30
0
500
1000
1500
 evacuated sample
 Fresh sample
 Simulated from CIF
 
In
te
ns
ity
 (a
.u
.)
2   
Figure 2-26. Powder X-ray diffraction patterns of CMOF-4a. Simulated patterns 
from single crystal structure of CMOF-4a (blue), as synthesized sample (red), and evacuated 
sample (black) 
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Figure 2-27. Powder X-ray diffraction patterns of CMOF-4b. Simulated patterns 
from single crystal structure of CMOF-4b (blue), as synthesized sample (red) 
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Figure 2-28. Powder X-ray diffraction patterns of CMOF-3b. Simulated patterns 
from single crystal structure of CMOF-3b (blue), after loading Ti(OiPr)4 (red), and after 
diethylzinc addition reaction (black) 
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Figure 2-29. Powder X-ray diffraction patterns of CMOF-3b. Simulated patterns 
from single crystal structure of CMOF-3b (blue), evacuated CMOF-3b (black), restored 
with DMF/H2O at r.t. (green), and restored with DMF/H2O at 60 oC (red) 
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2.4.7 Structure Figures 
 
Figure 2.30. Space-filling models showing packing diagrams of CMOF-1a, 2a, 3a, 
and 4a. The figures on the left, from top to bottom, show the packing diagrams of CMOF-
1a, 2a, 3a, and 4a as viewed down the a/b axis. The figures on the right, from top to bottom, 
show the packing diagrams of CMOF-1a, 2a, 3a and 4a as viewed down the c axis 
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Figure 2.31. Space-filling models showing packing diagrams of CMOF-1b, 2b, 3b, 
and 4b after forming the Ti-BINOLate complex with Ti(OiPr)4. The figures on the left, from 
top to bottom, show the packing diagrams of CMOF-1b, 2b, 3b, and 4b with Ti-BINOLate 
as viewed down the a/b axis. The figures on the right, from top to bottom, show the packing 
diagrams of CMOF-1b, 2b, 3b, and 4b with Ti-BINOLate as viewed down the c axis 
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Figure 2-32. Comparison of twist angles and bond lengths between reported 
molecular structure47 and proposed CMOF-BINOLate-Ti structure 
 
2.4.8 Dye uptake measurements 
General procedure for dye uptake measurements 
 Fresh crystals of CMOF-4b (3.22 mg, 9.1 μmol) were briefly dried on a filter paper, 
and then soaked in a methanol solution of Brilliant Blue R-250 (24 mM, 2 mL) overnight. 
The resulting blue crystals were washed with water thoroughly until the washings become 
colorless. The washed samples were digested by Na2EDTA (0.05 M, 2 mL) and NaOH (6 M, 
0.1 mL), the resultant clear solution with light blue color was diluted to 25 mL and adjusted 
to a pH of 1.2. Absorption experiments were performed on Shimadzu UV-2401PC UV-Vis 
spectrophotometer. The concentration of BBR-250 was determined by comparing the UV-
Vis absorption with a standard curve. 
 The solubility of Brilliant Blue R-250 is 20g/L (30 oC) in water, and > 250 g/L in 
MeOH. Water was used to wash the BBR-250 on the external surfaces of the crystals. The 
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channels of MOFs are hydrophobic so water cannot easily get in the channels to wash out the 
dye molecules inside the channels.  
 
Figure 2-33. UV-Vis measurements of released BBR-250 from CMOF-1a, 2a, 3a 
and 4a (normalized) 
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Figure 2-34. UV-Vis measurements of released BBR-250 from CMOF-1b, 2b, 3b 
and 4b (normalized) 
 
2.4.9 Grand Canonical Monte Carlo (GCMC) simulation of nitrogen adsorption 
isotherms 
 
Adsorption isotherm simulations were performed under the ‘Sorption’ module of 
Materials Studio.48 The Metropolis Monte Carlo method49 was chosen for the calculation of 
the nitrogen loading in the frameworks under a given fugacity. Universal forcefield is 
selected for the energy calculation. For the simulation of each framework, forty (40) fugacity 
steps in logarithmic scale (10-5 ~ 100 kPa) are calculated to give the isotherm. Simulation 
temperature: 77.35 K; equilibrium steps: 500000; Production steps: 100000. These steps are 
chosen to assure the creation/destruction steps ratio about 1.00. 
74 
 
0.0 0.2 0.4 0.6 0.8 1.0
0
1000
2000
3000
GCMC Simulation of N2 Adsorption Isotherms
4514 m2/g
4419 m2/g
4101 m2/g
2418 m2/g
 CMOF-4a
 CMOF-3a
 CMOF-2a
 CMOF-1a
N
2 u
pt
ak
e 
cm
3 /g
P/Po  
Figure 2-35. Nitrogen adsorption isotherms for CMOF-1a, 2a, 3a, and 4a from 
GCMC simulations 
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Figure 2-36. Nitrogen adsorption isotherms for CMOF-1b, 2b, 3b, and 4b from 
GCMC simulations 
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2.4.10. Procedures and results for MOF-catalyzed alkylzinc addition to aromatic 
aldehydes 
 
General procedure for diethylzinc addition to aromatic aldehydes. The fresh 
CMOF-3b (12.57 mg, 4.94 μmol) was washed by MeOH three times, and then washed by 
 
 anhydrous CH2Cl2 three times and soaked in CH2Cl2 for a few hours. The sample was then 
degassed, sealed and brought into a nitrogen filled glove box. The solvent (CH2Cl2) was 
decanted and the sample was washed by 1 mL× 3 of dry toluene. Another 1 mL dry toluene 
was added to the sample. Ti(OiPr)4 (31.6 μL, 110 μmol) was added to the suspension and 
stirred for 1 hour. Benzaldehyde (3.7 μL, 36.9 μmol) and diethylzinc (90 μL, 98.9 μmol) 
were then added in succession to the stirring suspension. The mixture was allowed to stirr 
overnight, and then quenched by the addition of 1 mL of 3M HCl. The organic layer was 
passed down a short silica column and analyzed by GC.  
α-phenylpropanol: (Supelco γ-Dex 225 30 m × 0.25 mm x 0.25 μm, injector: 250°C, 
Column: from 100 °C to 150 °C programed at 1 °C /min then kept at 150 °C for 30 min, 
Detector: 250 °C, carrier gas: He (0.84mL/min): t1 = 21.1 min; t2=22.6 min 
α-(4-chloro-phenyl)propanol: (Supelco γ-Dex 225 30 m × 0.25 mm x 0.25 μm, injector: 
250°C, Column: from 120 °C to 160 °C programed at 1 °C /min then kept at 160 °C for 10 
min, Detector: 250 °C, carrier gas: He (0.8mL/min): t1 = 27.27 min; t2=30.05 min 
α-(4-bromo-phenyl)propanol: (Supelco γ-Dex 225 30 m × 0.25 mm x 0.25 μm, injector: 
250°C, Column: from 100 °C to 150 °C programed at 1 °C /min then kept at 150 °C for 30 
min, Detector: 250 °C, carrier gas: He (0.8mL/min): t1 = 35.02 min; t2=37.67 min 
α-(4-methyl-phenyl)propanol: (Supelco γ-Dex 225 30 m × 0.25 mm x 0.25 μm, injector: 
250°C, Column: from 100 °C to 150 °C programed at 1 °C /min then kept at 150 °C for 30 
min, Detector: 250 °C, carrier gas: He (0.8mL/min): t1 = 16.47 min; t2=17.73 min 
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α-(1-naphthyl)propanol: (Supelco β-Dex 120 30 m × 0.25 mm x 0.25 μm, injector: 250°C, 
Column: from 150 °C to 180 °C programed at 1 °C /min then kept at 150 °C for 30 min, 
Detector: 250 °C, carrier gas: He (0.8mL/min): t1=37.9 min; t2=38.48 min 
General procedure for ethylphenylethynyl zinc additions to aromatic aldehydes  
The degassed CMOF-3b (12.57 mg, 4.94 μmol) in CH2Cl2 was sealed and brought into a 
nitrogen-filled glove box. The solvent was decanted and 1 mL of dry, degased toluene was 
added to the sample. Ti(OiPr)4 (10.07 μL, 30 μmol) and solid Zn(Et)(CCPh) (17.6 mg, 90 
μmol) was added sequentially and the solution stirred for 1 hour after which 
benzaldehyde(1.5 µL, 14.8 µmol) was added and the reaction was then stirred overnight. The 
reaction was quenched with saturated ammonium chloride and Na2EDTA. The solution was 
allowed to stir for 30 min. The organic layer was washed with water and the solvent removed 
in vacuo. The residual oil was then dissolved in 10% isopropanol in hexanes and analyzed by 
chiral HPLC.  
1,3-Diphenyl-2-propyn-1-ol: Yield: Quant. e.e.: 76% (Chiracel OD 4.6 mm × 100 mm, 1:9 
iPrOH:Hex 1 mL/min) t1=12.9 min; t2=19.16 min 
1-(4-chloro-phenyl)-3-phenyl-2-propyn-1-ol: Yield: Quant. e.e.: 59% (Chiracel OD 4.6 mm 
× 100 mm, 1:9 iPrOH:Hex 1 mL/min) t1=9.32 min; t2=25.84 min 
1-(4-bromo-phenyl)-3-phenyl-2-propyn-1-ol: Yield: Quant. e.e.: 69% (Chiracel OD 4.6 mm 
× 100 mm, 1:9 iPrOH:Hex 1 mL/min) t1=9.75 min; t2=28.53 min 
1-(4-methyl-phenyl)-3-phenyl-2-propyn-1-ol: Yield: Quant. e.e.: 70% (Chiracel OD 4.6 mm 
× 100mm, 1:9 iPrOH:Hex 1 mL/min) t1=9.89 min; t2=18.04 min 
1-(1-Naphthyl)-3-phenyl-2-propyn-1-ol: Yield: Quant. e.e.: 33% (Chiracel OD 4.6mm x 
100mm, 1:9 iPrOH:Hex 1 mL/min) t1=15.24 min; t2=29.35 min 
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 Diethylzinc addition reactions using the supernatant of the CMOF catalysts.  
CMOF-3b (11.42 mg, 4.5 µmol) was dispersed in toluene, and Ti(OiPr)4 (26.2 µL, 96.5  
 
µmol) was added, and then the suspension stirred for 30 min. Diethylzinc (81.6 µL, 90 µmol) 
was then added, and the reaction mixture was allowed to stir overnight. The reaction mixture 
was then filtered through a bed of dry Celite and a 200 nm filter. The supernatant was then 
centrifuged at 14,000 rpm for 15 min, resulting in a small black pellet. The supernatant was 
then decanted and divided into two samples. To both reactions, the appropriate amount of 
benzaldehyde was added (1.71 µL, 33.75 µmol). The second reaction received an additional 
10 µL of diethylzinc. The reaction without excess diethylzinc showed 14.4% conversion with 
28% e.e. The reaction which received the extra portion of diethylzinc had a conversion of 
82% with no increase in e.e.  
 Catalysis control experiment using CMOF-3a. The degassed CMOF-3a (19.44 
mg, 7.8 μmol) was sealed and brought into a nitrogen glove box. The solvent was decanted 
and 1 mL of toluene was added to the sample. Ti(OiPr)4 (49.9 μL, 60 μmol) was added to the 
suspension and stirred for 1 h. Benzaldehyde (5.9 μL, 58 μmol) and diethyl zinc were then 
added in succession to the stirring suspension which was allowed to react overnight. The 
reaction was quenched by the addition of 1 mL of 3 M HCl. The organic layer was passed 
down a short silica column and analyzed by GC.  
Alkynylzinc addition reactions using the supernatant of the CMOF catalysts. 
The degassed CMOF-3a (20 mg, 8.1 μmol) was sealed and brought into a nitrogen-filled 
glove box. The solvent was decanted and 1 mL of dry, degassed toluene was added to the 
sample. Ti(OiPr)4 (18 μL, 60.5 μmol) and solid Zn(Et)(CCPh)(31.5 mg, 161 μmol) was 
added sequentially and the solution stirred for 1 hour after which benzaldehyde(2.3 µL, 22.6 
µmol) was added and the reaction was then stirred overnight. The reaction was quenched 
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with saturated ammonium chloride and Na2EDTA. The solution was allowed to stir for 30 
min. The organic layer was washed with water and the solvent removed in vacuo. The 
residual oil was then dissolved in 10% isopropanol in hexanes and analyzed by chiral HPLC.  
Catalysis control using L3b-Me4. 3.23 mg of L3b-Me4 was added to a 1 dram vial 
followed by the addition of 1mL of toluene and 21.5 equivalents of Ti(OiPr)4 (23.6 µL). The 
solution was stirred for 1 h. 7 equivalents of benzaldehyde (3.56 µL) were then added 
followed by 20 equivalents of Et2Zn (66 µL). The solution was stirred at room temperature 
for 16 h and then quenched with 1 M HCl (Aq). The organic layer was passed down a short 
silica plug and the yield and enantiomeric excess analyzed by chiral GC using the same 
method as the MOF catalyzed samples. 
MOF catalyst recycle and reuse. 11.8 mg of CMOF-3b was suspended in toluene 
and 21.5 equivalents (with respect to BINOL sites) of Ti(OiPr)4 (29 µL) was added the 
reaction mixture which was allowed to stand for 1 h. 7 equivalents of benzaldehyde (3.2 µL) 
was then added followed by 20 equivalents of diethylzinc (82 µL). The reaction proceeded 
with only slight agitation (no stirring) for 16 h to avoid pulverization of the CMOF-3b. This 
facilitates the recovery of CMOF-3b after each catalytic run. The supernatant was decanted 
and quenched with 1 M HCl(aq). The organic were passed down a short silica column and 
then analyzed by chiral GC. The solid was recovered and used for subsequent reactions by 
adding fresh Ti(OiPr)4 and other reagents.  
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CHAPTER 3 
ACTUATION OF ASYMMETRIC CYCLOPROPANATION CATALYSTS VIA 
REVERSIBLE SINGLE-CRYSTAL TO SINGLE-CRYSTAL REDUCTION OF 
METAL-ORGANIC FRAMEWORKS 
 
3.1 Introduction 
Over the past decade, metal-organic frameworks (MOFs) have provided an 
excellent platform for engineering functional materials through judicious choices of the 
constituent building blocks. Numerous MOFs have been synthesized, and some of them 
have been explored for potential applications such as gas storage,1 chemical sensing,2 
catalysis,3 biomedical imaging,4 and drug delivery.5 Catalytic MOFs with imbedded, well-
defined active sites are of particular interest owing to their utility as recyclable and 
reusable catalysts. Because of their highly ordered and typically crystalline structures, 
MOF catalysts can in principle be characterized by X-ray diffraction methods to provide 
precise structural information on the catalytic active sites, allowing the delineation of the 
catalyst structure/function relationships.6 Herein we wish to report the first observation of 
the actuation of a MOF catalyst via a reversible single-crystal to single-crystal reduction 
process.  
Among many strategies for synthesizing catalytic MOFs, direct incorporation of 
catalytically competent building blocks into the MOF frameworks has recently emerged 
as a powerful approach toward building highly active and selective solid catalysts.3, 7 
Motivated by excellent asymmetric catalytic activities exhibited by many homogeneous 
metal(salen) complexes [where an archetypical chiral salen ligand is (R,R)-1,2-
cyclohexanediamino-N,N´-bis(3-tert-butyl-salicylidene)],8 MOFs containing metal(salen)
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building blocks have attracted a great deal of recent interest.9 Whereas some of the chiral 
metal(salen) based MOFs have shown promise in chiral recognition and separation,10 two 
Mn(salen) derived MOF systems have recently been shown to be excellent asymmetric 
alkene epoxidation catalysts.11 In this work, a family of interpenetrating and non-
interpenetrating chiral MOFs (CMOFs) of the primitive cubic unit (pcu) topology were 
constructed from redox-active Ru(salen) based bridging ligands of varying lengths and 
Zn4(µ4-O)(O2CR)6 secondary building units (SBUs). These CMOFs showed the first 
example of reversible single-crystal to single-crystal reduction/re-oxidation behaviors. 
Although a few examples of single-crystal to single-crystal oxidation of MOFs were 
reported, none of thes redox reactions were demonsrated to be reversible.12 On the other 
hand, the reduction of a MOF framework was recently elucidated by a Rietveld analysis 
of powder X-ray diffraction data.13 Upon single-crystal to single-crystal reduction, 
catalytically-inactive RuIII-based CMOFs were activated to form RuII-based MOF 
catalysts for the asymmetric cyclopropanation of styrene with very high diastereo- and 
enantioselectivities (d/r = 7:1 and e.e. = 91%). This selectivity was seen to be dependent 
on channel dimensions with larger channel sizes resulting in higher yields and 
selectivities. The catalytic activity of CMOFs is catenation dependent: the non-
interpenetrating CMOF is highly active whereas the interpenetrating CMOF is nearly 
inactive. We also showed that the CMOFs maintained their crystallinity and less than 
0.01% of the Ru(salen) catalyst leached into the solution after the catalytic reaction.  
3.2 Results and discussion 
3.2.1 Synthesis of Ru(salen) ligands and MOFs 
The enantiopure RuII complexes, [Ru(L1-Me2)(py)2] and [Ru(L2-Me2)(py)2], 
where L5-Me2  and L6-Me2 is the deprotonated form of (R,R)-(-)-N,N'-(methyl-3-
carboxyl-5-tert-butylsalicylidene)-1,2-cyclohexanediamine and (R,R)-N,N’-bis(3-methyl 
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acrylate-5-tert-butylsalicylidene)-1,2-cyclohexanediamine respectively, were prepared by 
a metathesis reaction between the ligand potassium salts and [RuCl2(p-cymene)]2. 
Saponification of the resulting complexes followed by acidification with dilute acid and 
air oxidation resulted in the RuIII(salen)-derived dicarboxylic acid, [Ru(L5-H2)(py)2]Cl 
and [Ru(L6-H2)(py)2]Cl. The neutral diamagnetic complexes were characterized by 1H 
and 13C NMR whereas the paramagnetic Ru(III) complexes were characterized by ESI 
mass spectrometry and single crystal X-ray diffraction in the case of [Ru(L5-H2)(py)2]Cl . 
 
Figure 3-1. a) Synthesis of 5-8 b) Wire frame structures of CMOF 5-8. c) Space-
filling model of 5 - 8 as viewed perpendicular to the (1 0 -2) plane. 
Solvothermal reactions of [Ru(L5-H2)(py)2]Cl with Zn(NO3)2·6H2O in 
DBF/DEF/EtOH or in DEF/DMF/EtOH at 80 °C in 36 h afforded dark green cuboid 
single crystals of 2-fold interpenetrated CMOF-5 of formula {Zn4(μ4-O)[(Ru(L5-H2)(py)2-
Cl]3}·(DBF)7·(DEF)7 and non-interpenetrated CMOF-6 of formula {Zn4(μ4-O)[(Ru(L5-
a 
b 
c 
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H2)(py)2Cl]3}·(DEF)19·(DMF)5·(H2O)17, respectively (Figure 3-1). Reaction of 
Zn(NO3)2·6H2O with [Ru(L5-H2)(py)2]Cl in N,N-dibutylformamide 
(DBF)/dimethylformamide (DMF) or diethylformamide (DEF) with added ethanol 
resulted in single crystals of [Zn4(μ4-O){[RuL6(py)2]Cl}3]2·10DBF·7DMF (CMOF-7) 
and [Zn4(μ4-O){[RuL6(py)2]Cl}3]·51DEF (CMOF-8), respectively. CMOF-5 and 6 
crystallizes in the R32 space group, with the asymmetric unit containing two ligands, two-
thirds of a Zn4(µ4-O) cluster which are composed of two Zn atoms of full occupancy and 
two Zn atoms of one-third occupancy as well as two O atoms of one-third occupancy. As 
expected, the carboxylate groups from six adjacent ligands coordinate to the four Zn 
centers to form [Zn4(µ4-O)(O2CR)6] SBUs, which are linked by the salen ligands to form 
a 3D network of the pcu topology. The length of the presented salen ligands allows for 5 
and 7 to adopt a 2-fold interpenetrating structure with 54.5% and 74.0% of void space as 
calculated by PLATON that is filled by the respective solvent molecules. The precise 
solvent content could not be determined by X-ray crystallography owing to their 
disordered nature. The solvent contents were instead established by a combination of 1H 
NMR studies and thermogravimetric analysis. The largest channels in the interpenetrating 
networks of 5 and 7 measure 0.4 × 0.3 nm and 0.7 × 0.7 nm, respectively. 
6 and 8 crystallize in the R3 space group with very similar unit cell dimensions 
and the same asymmetric unit content as 5 and 7. These frameworks are exactly identical 
to the interpenetrated analogs, with the same metal-ligand connectivity and network 
topology (Figure 3-1). The R3 space group symmetry of 6 and 8, however, led to a non-
interpenetrated structure. As a result, these non-interpenetrated structures enjoy much 
larger open channel dimensions of 1.4 × 1.0 nm and 1.9 x 1.9 nm, with void spaces of 
78.8% and 87.5% as calculated by PLATON. 
5 and 6 can be readily identified based on their different powder X-ray diffraction 
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(PXRD) patterns. Previous work on CMOFs built from Mn(salen)-derived dicarboxylic 
acid bridging ligands show the 2-fold interpenetrated 5 contained additional systematic 
absences in the PXRD due to the presence of a pseudo 43 screw axis (Figure 3-2). 11b The 
identity of 7 and 8 are unfortunately not as readily apparent based solely on powder 
diffraction patterns. The structural differences between 5 and 6 as well as 7 and 8 are also 
supported by their solvent weight losses determined by TGA; 5 and 6 exhibited ~40 and 
~50 wt% solvent loss respectively in the 25-200 °C temperature range, while 7 and 8 
showed a 45 and 75% weight loss, respectively, in the same temperature region. Similar 
to methods presented in chapter 1, the use of dye inclusion assays were utilized to 
differentiate the catenated vs. non-catenated MOFs as well as to qualitatively demonstrate 
the effective solvent accessible volume present in each of the four materials.11b,14 Dye 
inclusion studies with Brilliant Blue R-250 indicated 5 wt% and 30 wt% dye uptake for 5 
and 6, respectively. The more porous materials 7 and 8 showed 14 and 39% which further 
confirmed the catenation behaviors of the pair of MOFs while demonstrating the increase 
permeability of the larger channels in 7 and 8. 
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Figure 3-2. a) Powder X-ray diffraction patterns of CMOF 5 and 6. b) Powder X-
ray diffraction patterns of CMOF 7 and 8. c) TGA of CMOF 5 and 6. d) TGA of CMOF 7 
and 8. e) Dye inclusion measurements of CMOF 5 and 6. f) Dye inclusion measurements 
of CMOF 7 and 8. 
 
3.2.2 Single-crystal to single-crystal reduction of Ru(salen) frameworks 
 
Treatment of the Ru(salen) frameworks with strong reducing agents such as 
LiBEt3H (superhydride) or NaB(OMe)3H led to a color change from dark green to dark 
red, suggesting the reduction of the RuIII centers to the RuII centers in the CMOFs. The 
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reduced CMOFs, 5R/6R and 7R/8R exhibited very different UV-Vis-NIR diffuse 
reflectance spectra from those of their parent materials. Upon reduction of 5 and 6, the 
characteristic RuIII(salen) LMCT bands at 771 nm disappeared, with concomitant 
appearance of new peaks at 520 nm that are indicative of the RuII(salen) 1MLCT bands. 
Similar behavior in 7 and 8 is observed with a disappearance of the MLCT band at 867 
nm.15 These results were confirmed by the solution absorption spectra of the 
corresponding CMOFs dissolved in pyridine (Figure 3-2) or MeOH/EDTA. Interestingly, 
the reduction of this family of MOFs occurs in a single-crystal to single-crystal fashion. 
5R and 6R retained their single crystal nature with the same space groups and similar 
cell parameters as those of 5 and 6, respectively. Single-crystal X-ray structure studies 
further indicated that the structures of 5R and 6R are essentially identical to those of 5 
and 6, respectively. 7R and 8R retain their crystallinity as well as evident by powder X-
ray diffraction patterns. This reduction is reversible upon sitting for prolong periods in 
air. Studies on 5R and 6R will form 5’ and 6’. The reoxidation is supported by the 
diffuse reflectance and solution UV-Vis-NIR absorption spectra. Single-crystal to single-
crystal reduction/re-oxidation processes in 5 and 6 are thus entirely reversible. PXRD 
and unit cell determinations indicated that 5’ and 6’ remained single crystalline with the 
same structures as 5 and 6 (Figure 3-3). 
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Figure 3-3. a) Experimental and simulated PXRD patterns of 5 and 6. The peak at 
2θ ~ 4.3°, corresponding to the Miller indices 1 0 -2, is missing in the PXRD of 5 due to 
the pseudo 43 screw axis. b) Diffuse reflectance and c) solution absorption spectra of 5, 
5R, and 5’, demonstrating reversible reduction of 5 to 5R with LiBEt3H and re-oxidation 
of 5R to 5’ in air. The solution spectra were taken by dissolving CMOFs in pyridine. d) 
PXRD patterns of 5, 5R, and 5’. Their similarity supports the reversible single-crystal to 
sing-crystal reduction of 5 to 5R and re-oxidation of 5R to 5’. 
3.2.3 MOF-catalyzed cyclopropanation of alkenes 
Nguyen et al. elegantly demonstrated that the Ru(salen)(py)2 complex is a 
competent homogeneous cyclopropanation catalyst that transfers the carbene fragment 
from ethyldiazoacetate to various olefins with excellent enantio- and diastereo-
selectivities.16 We hypothesized that the present Ru(salen)-derived CMOFs can catalyze 
the cyclopropanation reactions heterogeneously. Using styrene as the test substrate, we 
have evaluated the activity of CMOFs 5-8 towards enantio- and diastereoselective 
cyclopropanation reactions. 
After reduction of 6 with LiBEt3H, the resulting 6R was washed repeatedly with 
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anhydrous THF and then with dichloromethane. The cyclopropanation reaction between 
styrene and ethyldiazoacetate was carried out in the presence of 3 mol% of 6R under 
anaerobic conditions for 24 h. The 6R-catalyzed cyclopropanation reaction afforded the 
cyclopropane products in <8% yield with a trans/cis diastereomeric ratio (d/r) of 4.2 
(Table 3-1, entry 3). The enantiomeric excesses (e.e.’s) for the trans and cis cyclopropane 
products are 65% and 51%, respectively. We noticed that the color of the 6R suspension 
always turned dark green during the cyclopropanation reactions. We reasoned that the 
RuII centers in 6R were readily oxidized and thus deactivated during the cyclopropanation 
reactions. Consistent with this hypothesis, the control reaction with 6 as catalyst did not 
produce any cyclopropane product (Table 3-1, entry 2). In order to prevent the 6R catalyst 
from oxidation and de-activation, we carried out the cyclopropanation reaction in the 
presence of NaBH(OMe)3. A much improved yield (54%) of cyclopropane products was 
obtained under this condition, with a d/r of 7  in favor of the trans products and e.e.’s of 
91% and 84% for the trans and cis product, respectively (Table 3-1, entry 4).  
Using the conditions optimized with 6, CMOFs 5, 7, and 8 were screened in the 
cyclopropanation of styrene.  The cyclopropanation reaction with 5R as catalyst gave the 
desired products in <1% yield and modest e.e.’s (Table 3-1, entry 4). This is consistent 
with the hypothesis that the framework interpenetration in 5R significantly reduces open 
channel sizes, preventing the diffusion of the reagents into the RuII(salen) active sites in 
the interior of 5R. When using CMOF 7 and 8, a corresponding enhancement in catalyst 
performance is observed with the increasing solvent accessible pore volume (Table 3-1). 
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Table 3-1. Asymmetric cyclopropanation of substituted olefins using CMOF 
catalysts. 
 
a With NaBH(OMe)3 in solution.  
 
We have also tested the heterogeneity of the CMOF catalysts. The supernatants 
from the cyclopropanation reactions after filtration through a 0.45 µm filter did not afford 
additional cyclopropane products. The CMOF catalysts were recyclable and the recovered 
CMOF catalysts showed activity in subsequent runs of cyclopropanation reactions, albeit 
in reduced yields and stereoselectivities. We believe that the reduced yields and 
stereoselectivities of the recovered CMOFs are a result of the intrinsic instabilities of the 
RuII(salen) cyclopropanation catalyst but not the dissolution (decomposition) of the 
CMOF frameworks. Leaching experiments were performed on 6. UV-Vis and ICP-MS 
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analyses indicated that less than 0.01% of ruthenium was leached into solution after 24 h 
under typical reaction conditions. The CMOF catalysts recovered from the catalytic 
reaction retained their crystallinity as indicated by the similarity of their PXRD patterns 
to those of the pristine solids). Finally, attempts to carry out cyclopropanation reactions 
with the Zn-BPDC MOF17 did not produce any cyclopropane product, confirming the 
catalytic activity of the Ru(salen) strut in the present studies. 
3.3 Concluding remarks 
We have synthesized a family of interpenetrating and non-interpenetrating 
CMOFs using a redox-active Ru(salen)-derived dicarboxylate bridging ligand. The as-
synthesized RuIII(salen) MOFs underwent unprecedented reversible single-crystal to 
single-crystal reduction and re-oxidation. The reduction of RuIII CMOFs turned on the 
catalytic activity, and the resulting RuII CMOFs were highly active for the asymmetric 
cyclopropanation of styrene with very high diastereo- and enantioselectivities. This pair 
of reduced CMOFs also exhibited remarkable catenation dependent catalytic activity; 
non-interpenetrating 6R was highly active whereas interpenetrating 5R was nearly 
inactive owing to its inability to transport the substrates through the small channels. This 
behavior was less pronounced in 7R and 8R as the elongated ligand allowed modest 
channels even in the interpenetrated case. The CMOF catalyst was recyclable and 
reusable, with less than 0.01% of the Ru(salen) catalyst leached into the solution after the 
catalytic reaction. We also showed that the CMOFs maintained their crystallinity after the 
catalytic reaction. This work highlights the ability to structurally interrogate active MOF 
catalysts which promises to provide important insights into MOF-catalyzed organic 
transformations. 
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3.4 Experimental  
  3.4.1 General Procedures and Instrumentation 
All of the solvents were purchased from Fisher and used without further 
purification. All of the reactions and manipulations were carried out under Argon with the 
use of standard inert atmosphere and Schlenk techniques. 1H NMR spectra were recorded 
on a Bruker NMR 400 DRX spectrometer at 400 MHz and referenced to the proton 
resonance resulting from incomplete deuteration of the deuterated chloroform and 
dichloromethane (δ 7.26 and 5.32 respectively). 13C{1H} NMR spectra were recorded at 
100 MHz, and all of the chemical shifts are reported downfield in ppm relative to the 
carbon resonance of chloroform-d1 (δ 77.0). Mass spectrometric analyses were conducted 
using positive-ion electrospray ionization on a Bruker BioTOF mass spectrometer. 
Thermogravimetric analysis (TGA) was performed in air using a Shimadzu TGA-50 
equipped with a platinum pan. Single-crystal X-ray diffraction and powder X-ray 
diffraction (PXRD) patterns were collected on a Bruker SMART APEX II diffractometer 
using Cu radiation. The PXRD patterns were processed with the APEX 2 package using 
PILOT plug-in. (R,R)-(-)-N,N'-bis(methyl-3-carboxyl-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine and of (E)-methyl 3-(3-(tert-butyl)-5-formyl-4-
hydroxyphenyl)acrylate have already been reported.11b,18  Superhydride (LiBEt3H) was 
purchased from Sigma-Aldrich.  
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3.4.2 Procedures for ligand synthesis 
  (R,R)-(-)-N,N’-Bis(methyl-3-carboxyl-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl ruthenium(II) [Ru(L-Me2)(py)2] 
 
 
 
(R,R)-(-)-N,N’-Bis(methyl-3-carboxyl-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine (937 mg, 1.7 mmol, 1 eq) was charged into a round bottom flask and in 
an inert atmosphere drybox, potassium hydride (151 mg, 3.78 mmol, 2.2 eq) was added. The 
mixture was then dissolved in dry, degassed THF. After the liberation of hydrogen gassed 
ceased, the solution was allowed to stir for one hour under argon. In a separate flask, 
[RuCl(p-cymene)]2Cl2 (577 mg, 0.94 mmol, 1.1 eq) was dissolved in a dry, degassed mixture of 
THF and pyridine (50/50 V/V, 20 mL total volume). The ruthenium solution was then chilled 
to 0 ºC under argon. The potassium salt solution was then added via syringe to the ruthenium 
solution over 30 minutes. This solution was allowed to warm to room temperature and stir 
over night. Volatiles were removed in vacuo and the solid purified by silica gel 
chromatography (10% NEt3 in toluene). 836 mg of dark red powder was obtained (60% 
yield). 1H NMR (CDCl3-d): δ 0.519 (m, 2H); 0.695(m, 2H); 1.262 (m, 2H); 1.610 (s, 18H); 
1.912 (d, 2H, J=11.4Hz); 2.242 (d, 2H, J= 7.8Hz); 3.696(s, 6H); 6.255(t, 4H, J=7.2 Hz); 6.565 
(t, 2H, 7.5Hz); 6.997-7.064 (m, 6H), 7.142(d, 4H, J= 6.9Hz); 8.237 (d, 4H, 5.4Hz); 8.227 (s, 
2H); 8.554(d, 4H, 3Hz). 13C NMR (CDCl3-d): 21.37; 24.497; 28.526; 29.643; 36.068; 51.039; 
73.715; 114.355; 123.483; 125.632; 128.5; 128.689; 129.266; 134.27; 137.825; 137.977; 
144.377; 154.375; 155.009; 167.619. 
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(R,R)-(-)-N,N'-Bis(3-carboxyl-5-tert-butylsalicylidene)-1,2-cyclohexanediamine 
dipyridyl ruthenium(III) chloride [Ru(L5-H2)(py)2Cl] 
 
 
(R,R)-(-)-N,N’-Bis(methyl-3-carboxyl-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl ruthenium (II) (500 mg, 0.62 mmol) was dissolved in a 50/50 
(V/V) mixture of ethanol and pyridine. An equal weight of potassium hydroxide (8.9 mmol) 
was then added to the solution and the solution degassed and refluxed overnight under argon. 
The solution was then allowed to cool to room temperature and the solvents removed in 
vacuo. The solid residue was then dissolved in a minimal amount of ethanol and acidified 
with 1M HCl (aq) until reaching a slightly acidic pH (~4). Water is then added and the green 
precipitate was filtered off to afford 239 mg of the product (47 % yield). MS (ESI) for [M-
Cl]+: Calcd, 780.25; Found,780.25; [M-Cl-Py]+: Calcd, 701.20; Found, 701.21; [M-Cl-2Py]+: 
Calcd, 622.16; Found, 622.16]. 
 
(R,R)-N,N’-bis(3-methylacrylate-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine (L6-Me2) 
 1.772 g (6.75 mmol) of (E)-methyl 3-(3-(tert-butyl)-5-formyl-4-
hydroxyphenyl)acrylate was dissolved in 30 mL of tetrahydrofuran. 386 mg (3.38 mmol) 
of (R,R)-1,2-diaminocyclohexane was dissolved in 10 mL of ethanol. This solution was 
added to the THF solution and the mixture was heated to reflux overnight. Upon cooling 
the reaction mixture to room temperature, the solvents were removed in vacuo. The crude 
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product was purified by column chromatography on silica gel (ethyl 
acetate/triethylamine/hexanes: 9/1/90 v/v/v), and the solvents were removed under 
vacuum to afford a yellow powder of L6-Me2 (1.537 g, 75.5% yield). 1H NMR (CD2Cl2): 
δ 1.456 (s, 18H); 1.908 (m, 2H); 1.935 (m, 2H); 2.016 (m, 2H); 3.399 (m, 2H); 3.800 (s, 
6H); 6.247 (d, 2H, J = 15.9 Hz); 7.225 (d, 2H , J = 2.1 Hz); 7.480 (d, 2H, J = 1.8 Hz); 
7.556 (d, 2H, J = 15.9 Hz); 8.325 (s, 2H). 13C NMR (CD2Cl2): δ 24.420; 29.116; 32.976; 
35.002; 51.540; 72.166; 114.654; 118.638; 124.287; 129.298; 130.433; 138.332; 144.625; 
163.202; 165.547; 167.657.  
 
(R,R)-N,N’-bis(3-methylacrylate-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl Ruthenium(II) [Ru(L6-Me2)(py)2] 
N N
t-Bu
OH HO
t-Bu
CO2MeMeO2C
1) KH, THF, rt
2) [RuCl(p-cymene)]2Cl2,
THF/py
N N
t-Bu
O O
t-Bu
CO2MeMeO2C
Ru
py
py
Ru(L6-Me2)(py)2
 1.538 g (2.55 mmol) of L6-Me2 was charged into a 100 mL round-bottom flask 
followed by 225 mg (5.625 mmol) of potassium hydride and 30 mL of dry, degassed THF. 
After the evolution of hydrogen ceased, the reaction mixture was stirred under nitrogen 
for an additional 1 h. 854 mg (2.79 mmol) of ruthenium(para-cymene)dichloride was 
charged into a separate 100 mL round-bottom flask followed by 10 mL of dry, degassed 
THF and 3 mL of dry, degassed pyridine. This solution was then cooled to 0 °C. The 
potassium salt solution of the ligand was then added to the ruthenium(para-
cymene)dichloride over the course of 30 min. The resulting mixture was allowed to warm 
to room temperature, and then to stir overnight. The solvent was removed in vacuo, and 
the resulting residue was purified by column chromatography (hexanes/methylene 
chloride/triethylamine: 49/49/2 v/v/v) to afford 1.363 g (62.1% yield) of pure maroon 
powder of Ru(L6-Me2)(py)2 as the product. 1H NMR (CD2Cl2): δ 1.30 (s, 18H); 1.46 (m, 
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4H); 1.932 (m, 2H); 2.824 (d, 2H); 2.915 (s, 2H); 3.782 (s, 6H); 6.123 (d, 2H, J = 15.6 
Hz); 7.066 (m, 4H); 7.387 (d, 2H, J = 2.4 Hz); 7.539 (m, 4H); 7.683 (d, 2H, J = 16.0 Hz), 
8.170 (d, 4H, J = 5.2 Hz); 8.579 (s, 2H). 13C NMR (CD2Cl2): δ 25.13; 29.31; 29.41; 
35.80; 73.88; 109.40; 123.54; 123.81; 125.68; 134.37; 134.82; 136.58; 145.10; 146.07; 
154.16; 154.83; 158.24; 168.69. 
(R,R)-N,N’-bis(3-methylacrylate-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl ruthenium(III) chloride {[Ru(L6-H2)(py)2]Cl} 
 
168.0 mg (0.195 mmol) of Ru(L6)(py)2 was dissolved in 25 mL of ethanol and 1 
mL of pyridine. 200 mg of KOH was then added to the degassed solution, and the mixture 
was stirred at reflux under nitrogen for 16 h. The reaction mixture was then cooled to 
room temperature, and the solvents were removed in vacuo. The maroon powder was then 
dissolved in pyridine and added to 200 mL of water. With stirring, 3 M HNO3 was slowly 
added to the solution until the product precipitated. The suspension was then stirred for 3 
h while purging the solution with air. The resulting green solid was isolated by 
centrifugation. The green solid was dissolved in methanol, and 5 mL of saturated aqueous 
sodium chloride solution was added. The mixture was stirred overnight, and excess water 
was added to precipitate 131.92 mg (0.152 mmol, 78% yield) of the product 
Ru(L6)(Py)2]Cl as a green powder. MS (ESI) for [M-Cl]+: calcd 832.28, found 832.25. 
[M-Cl-py]+: calcd 753.24, found 753.22. [M-Cl-2py]+: calcd 674.19, found 674.17. 
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3.4.3 Procedures for MOF synthesis 
Synthesis of Zn4O(L5)3·(DEF)7·(DBF)7 (CMOF-5) 
1 mg of Ru(L5-H2)(py)2Cl (1.2 µmol) and 1 mg of Zn(NO3)·6H2O (3.4 µmol) 
were dissolved in 0.2 mL of DBF and 0.1 mL of DEF in a 0.5 dram screw-capped vial. To 
this solution, 20 µL of ethanol was added and the vial was heated to 80 °C for 1 day to 
afford green cubes (0.76 mg, 61% yield).  Solvent content calculated from proposed 
formula: DMF, 16.0%; DBF, 24.8%; determined by 1H NMR/TGA: DBF, 25.0%; DEF, 
16.0%. 
 
 
Figure 3-4. 1H NMR (dichloromethane-d2) spectroscopic determination of solvent 
content in CMOF-5 (5.4 mg), mesitylene (Mes) was added as an internal standard.  
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Figure 3-5. Thermogravimetric analysis (TGA) curve for CMOF-5. The sample 
was heated to 600 °C at a heating rate of 3 °C/min. 
 
Synthesis of Zn4O(L5)3·(DEF)19·(DMF)5·(H2O)17 (CMOF-6) 
2 mg of Ru(L5-H2)(py)2Cl (2.5 µmol) and 2.5 mg of Zn(NO3)·6H2O (8.5 µmol) 
were dissolved in 0.25 mL of DEF and 0.05 mL of DMF in a 0.5 dram screw-capped vial. 
To this solution, 40 µL of ethanol was added and the vial was heated at 80 °C for 2 days to 
afford green cubes (1.38mg, 33% yield). Solvent content calculated from proposed formula: 
DEF, 37%; DMF, 7.0%; H2O, 5.9%; determined by 1H NMR/TGA: DEF, 37.2%; DMF, 7.0%; 
H2O, 5.75%. 
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Figure 3-6. 1H NMR (dichloromethane-d2) spectroscopic determination of solvent 
content in CMOF-6 (7.37 mg), mesitylene (Mes) was added as an internal standard. 
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Figure 3-7. TGA curve of CMOF-6. The sample was heated to 600 °C at a 
heating rate of 5 °C/min. 
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Synthesis of Zn4O{Ru(L6)(py)2]Cl}3·5(DBF)·3.5(DMF) (CMOF-7) 
1 mg of Ru(L6)(py)2]Cl (1.4 µmol) and 1 mg of Zn(NO3)2·6H2O (3.36 µmol) were 
dissolved in 0.25 mL of DBF and 0.05 mL of DMF. To this solution, 40 µL of ethanol was 
added. The solution was sealed in a 0.5 dram screw-cap vial and heated at 70 °C for 2 
days, yielding dark green crystals (0.58 mg, 25% yield). Solvent content calculated from 
proposed formula: DMF, 6.7%; DBF, 20.6%.  Solvent content determined by 1H NMR 
and TGA: DMF, 6.8%; DBF 19.8%. 
 
Figure 3-8. 1H NMR solvent characterization for CMOF-7. 
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Figure 3-9. TGA curve of CMOF-7. The sample was heated to 600 oC at a heating 
rate of 5 oC/min. 
 
Synthesis of Zn4O{Ru(L6)(py)2]Cl}3 51(DEF) (CMOF-8) 
1.0 mg (1.4 µmol) of Ru(L6)(py)2]Cl and 1.0 mg (3.36 µmol) of Zn(NO3)2·6H2O 
were dissolved in 0.30 mL of DEF. To this solution, 80 µL of ethanol was added. The 
solution was sealed in a 0.5 dram screw-cap vial and heated at 70 °C for 5 days, yielding 
dark green crystals (0.684 mg, 17% yield). Solvent content calculated from proposed 
formula: DEF, 64.2%. Solvent content determined by 1H NMR and TGA: DEF, 64.3%. 
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Figure 3-10. 1H NMR solvent analysis for CMOF-8. 
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Figure 3-11. TGA curve of CMOF-8. The sample was heated to 600 oC at a 
heating rate of 5 oC/min. 
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4.4.4 X-Ray structure Determination 
All crystallographic measurements were made on a Bruker SMART Apex II 
CCD-based X-ray diffractometer system operated at 1600 watts (Cu-target X-ray tube). 
The crystals were mounted inside a capillary tube (0.7 mm ID) with small amount of 
mother liquid to prevent solvent loss from the crystal frameworks. The frames were 
integrated with the Bruker SAINT© build in APEX II software package using a narrow-
frame integration algorithm, which also corrects for the Lorentz and polarization effects. 
Absorption corrections were applied using SADABS. Structure solution was attempted 
using direct methods in the beginning, but only the position and geometry of Zn4O 
clusters and the position of Ru atoms could be unambiguously determined. It was not 
possible to identify every C and O atom of the Ru(salen) linkers, as a result of the 
relatively weak diffraction and low resolution (>1.5 Å) (which is not uncommon for this 
kind of framework with very large solvent accessible void space), in combination with 
ligand disorders due to rotation of C-C bond between carboxylate group and benzene ring 
or vinyl group (which is also a common phenomenon for MOFs built from 2-connected 
dicarboxylate ligands). However, it was clear that noticeable electron densities were 
joining Zn4O moieties through Ru atoms and they corresponded to the salen based 
linkers. Using the information of exact Zn4O and Ru positions and connectivities, models 
of the crystal structures were built by incorporating the salen ligands fragments into the 
crystal lattices using Materials Studio.19 The modeled structures were then refined to 
convergence by least squares method on F2 using the SHELXTL software suite.20 
Restraints (SIMU and DELU) on displacement parameters, and DFIX for bond lengths of 
the salen ligands were applied, and all the phenyl rings were constrained to ideal six-
member rings. Non-hydrogen atoms were refined isotropically, except Zn atoms which 
are refined anisotropically. 
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We have also tried to locate Cl- anions in the channels of the oxidative form of 
MOF crystals, but were not successful presumably due to low data set quality and 
disordered nature of the position of Cl- atom. SQUEEZE subroutine of the PLATON 
software suite21 was applied to remove the scattering from the highly disordered guest 
molecules. The resulting new HKL files were used for further structure refinements. 
Although extensive efforts had been put on idealizing these structures, the C and O atoms 
in the structures still exhibited large displacement parameters. These crystal structure 
refinement qualities were similar to those reported in literature, which utilized the 
combination of direct methods and structural modeling to solve challenging MOFs 
structures with large channel sizes and disordered guest solvents.22,23 
Table 3-2.  Crystal data and structure refinements for CMOFs 5, 6, 5R, 6R and 
RuIII(salen) complex. 
Compound CMOF-5 CMOF-6 CMOF-5R CMOF-6R Ru(L5-H2)(py)2Cl 
Empirical formula [Zn4(µ4-
O)( Ru(III)(L5-
H2)(py)2)3Cl3]2 
 
[Zn4(µ4-
O)( Ru(III)(L5-
H2)(py)2)3Cl3] 
      ·
[Zn4(µ4-
O)(Ru(II)(L5-
H2)(py)2)3]2 
 
[Zn4(µ4-
O)( Ru(II)(L-
H2)(py)2)3] 
 
[Ru(III)(L-
H2)(py)2]Cl·0.5pyHCl·2EtOH·E
t2O 
Formula weight 4486.06 2243.03 4273.06 2136.53 945.15 
Temperature (K) 296 296 296 296 100 
Wavelength (Å) 1.54178 1.54178 1.54178 1.54178 1.54178 
Crystal system Trigonal Trigonal Trigonal Trigonal Monoclinic 
Space group R32 R3 R32 R3 C2 
Unit cell 
dimensions 
a = 
29.7496(12) 
a = 
29.6808(3) 
a = 
29.7977(5) 
a = 
29.7243(3) 
a = 19.7027(10) 
b =29.7496(12) b = 
29.6808(3) 
b = 
29.7977(5) 
b 
= 29.7243(3) 
b = 25.8949(15) 
c = 72.886(7) c = 72.690(2) c = 
73.0266(11) 
c = 
72.861(2) 
c = 18.6313(12) 
α = 90 α = 
90 
α = 
90 
α 
= 90 
α = 90 
 = 90  = 
90 
 = 
90 
 
= 90 
 = 90.381(4) 
 =120  =120  = 120  = 120  = 90 
Volume (Å3) 55865(7) 55457.2(17) 56153.5(16) 55750.8(17) 9505.5(10) 
Z 6 3 6 3 8 
Density (calcd. 
g/cm3) 
0.884 0.445 0.879 0.443 1.321 
Absorption coeff. 
(mm-1) 
2.842 1.431 2.827 1.424 3.882 
F(000) 14496 7248 14496 7248 3912 
Crystal size (mm) 0.23×0.22×0.1
8 
0.20×0.20×0.
20 
0.34×0.27×0.
24 
0.20×0.20×0
.20 
0.40×0.40×0.20 
Crystal color & Dark green Dark green Dark red cube Dark red Dark Green 
106 
 
shape cube cube cube 
 range data 
collection 
1.82 – 33.51  1.82 – 33.43  1.81 – 25.36 1.82 – 31.05   2.37  – 62.87 
Limiting indices -21 < h < 21 -21 < h < 16 -10 < h < 16 -16 < h < 17 -15 < h < 22 
-21 < k < 20 -16 < k < 21 -10 < k < 16 -18 < k < 11  -29 < k < 26 
-51 < l < 46 -51 < l < 40 -40 < l < 30 -48 < l < 45 -21 < l < 21 
Reflections 
collected 
29891 11937 3944 4729 11884 
Independent 
reflections 
4766 7301  2257 2142 8242 
R(int) 0.0988 0.0777 0.0448 0.1141 0.0768 
Refinement 
method 
   
Data/restraints/par
ameters 
4766/229/225 7301/222/283 2257/306/349 2142/188/280 11884/663/1039 
Goodness-of-fit 
on F2 
1.370 1.190 1.185 1.038 1.087 
Final R indices 
[I>2σ(I)]a,b 
R1 = 0.1774 R1 = 0.1381 R1 = 0.1632 R1 = 0.1711 R1 = 0.0718 
wR2 = 0.4007 wR2 = 0.3365 wR2 = 0.3759 wR2 = 0.2630 wR2 = 0.1742 
R indices (all 
data) 
R1 = 0.2802 R1 = 0.1838 R1 = 0.2302 R1 = 0.3834 R1 = 0.1082 
wR2 = 0.4362 wR2 = 0.3889 wR2 = 0.4258 wR2 = 0.4189 wR2 = 0.2004 
Flack x* 0.48(8) -0.06(5) 0.29(18) 0.30(12) 0.041(17) 
Void space 0.545 0.788 0.560 0.784 - 
*As a result of weak diffraction and ligand disorder, flack parameter cannot be reliably 
utilized to indicate absolute configuration in the CMOF structures. 
 
Table 3-3. Unit cell parameters of crystals of CMOFs 5’and 6’. 
Compound CMOF-5’ CMOF-6’ 
Temperature (K) 296 296 
Wavelength (Å) 1.54178 1.54178 
Crystal system Trigonal Trigonal 
 Unit cell 
dimensions 
a = 29.4(1) a = 29.44(5) 
b =29.4(1) b = 29.44(5) 
c = 71.7(1) c = 72.09(12) 
α = 90 α = 90 
 = 90  = 90 
 =120  =120 
Volume (Å3) 53672  54110  
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Figure 3-12. Stick/polyhedra model of the cube in CMOF-6R. 
 
Figure 3-13. Stick/polyhedra model of the interpenetrating cubes in 
CMOF-5R. 
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Figure 3-14. Space filling model of CMOF-5 viewed along <0 0 1> 
directions. 
 
Figure 3-15. Space filling model of CMOF-5 viewed along <1 0 0> 
directions. 
 
Figure 3-16. Space filling model of CMOF-5 viewed along <1 1 0> 
directions. 
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Figure 3-17. Space filling model of CMOF-5 viewed along <0 0 1> 
directions. 
 
Figure 3-18. Space filling model of CMOF-6 viewed along <1 0 0> 
directions. 
 
Figure 3-19. Space filling model of CMOF-6 viewed along <1 1 0> 
directions. 
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Figure 3-20.  ORTEP diagram of Ru(L5-H2)(py)2Cl drawn at the 50% probability 
level. 
For the structural refinement of CMOF-7, SQUEEZE subroutine of the PLATON 
software suite was applied to remove the scattering from the highly disordered guest 
molecules. The resulting new HKL4 files were used to further refine the structures. Due 
to the relatively weak diffraction and low resolution (>1.5 Å), which is not uncommon for 
this kind of framework with very large solvent accessible void space, restraints (SIMU 
and DELU) on displacement parameters, and DFIX for bond lengths are applied, and all 
the phenyl rings are constrained to ideal six-membered rings. Non-hydrogen atoms are 
refined isotropically. The structure solution (direct method) leads to two interpenetrating 
networks of full occupancy. 
For CMOF-8, after multiple attempts of collecting single crystal X-ray diffraction 
data, only a dataset with a resolution of 2.1 Å was obtained (Rint = 0.034). The dataset 
was collected on a macromolecule X-ray diffraction system using a Rigaku Micromax 
007HF X-ray generator (Cu rotating anode) with R-Axis IV++ detector, VariMAX HR 
optic and inverted Phi goniostat. The dataset contains only 763 independent reflections 
with 26.8% completeness. The obtained unit cell was trigonal with a = b = 36.005(3) Å, 
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and c = 88.16(2) Å. Structure solution using direct methods in the R3 space group gives 
the coordinates of the Zn4 cluster and Ru metal at two positions as a result of rotational 
disorder of the linear dicarboxylate ligand. Other parts of the organic ligands can be 
identified from the differential electron density map, which exhibited electron density 
residues at positions that connect the adjacent Zn4 clusters (Figure S6). However, because 
of the poor quality of the dataset, the organic ligand cannot be resolved at atomic level. 
The identified positions of Zn4 cluster and Ru metals in the structure verified that CMOF-
2 adopts a non-interpenetrated structure with the pcu topology. Further refinement of the 
structure was not performed because of low data/parameter ratios. The complete 
structural model was built using Materials Studio 5.5 software package. 
Furthermore, Powder X-ray diffraction patterns of CMOF-8 was compared with 
that of an isostructural Mn(salen) based MOF with the same ligand length/geometry and 
structural topology, which we reported previously11b (Figure 3-29). The similarity of the 
peak positions of the two patterns supported the structural model obtained from the single 
crystal X-ray diffraction dataset. 
Table 3-4. Crystal data and structure refinements for CMOF-7 and 8.  
Compound CMOF-7 CMOF-8 
Empirical formula   [Zn4(μ4-O){[RuL6(Py)2]Cl}3]2·10DBF·7DMF 
[Zn4(μ4-
O){[RuL6(Py)2]Cl}3] 
51DEF 
Formula weight 7803.65 7410.9 
Temperature (K) 296 296 
Wavelength (Å) 1.54178 1.54178 
Crystal system Trigonal Trigonal 
Space group R32 R3 
Unit cell dimensions 
a = 35.140(2) a = 36.005(3) 
b = 35.140(2) b = 36.005(3) 
c = 92.240(8) c = 88.16(2) 
α = 90 α = 90 
 = 90  = 90 
 =120  =120 
Volume (Å3) 98640(11) 98971(26) 
Z 3 3 
Density (calcd. g/cm3) 0.530 0.264 
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Absorption coeff. (mm-1) 1.623 0.809 
F(000) 15360 7680 
Crystal size (mm) 0.40×0.40×0.40 0.20×0.20×0.20 
Crystal color & shape Brown cube Brown cube 
Radiation source Cu Kα  Cu Kα  
 range data collection 1.4  – 26.9 3.78  – 22.60 
Limiting indices 
-20 < h < 20 2 < h < 17 
-19 < k < 20 -17 < k < -2 
-53 < l < 53 -14 < l < 24 
Reflections collected 21982 1865 
Independent reflections 4551 763 
R(int) 0.082 0.034 
Refinement method Full-matrix least-square on F2  
Data/restraints/parameters 4551/394/289  
Goodness-of-fit on F2 1.72  
Final R indices [I>2σ(I)]a,b 
R1 = 0.1326  
wR2 = 0.3182  
R indices (all data) 
R1 = 0.1845  
wR2 = 0.3482  
 
 
 
Figure 3-21. Space filling model of CMOF-7, viewed from [001] direction 
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Figure 3-22. Space filling model of CMOF-7, viewed from [010] direction. 
 
Figure 3-23. Space filling model of CMOF-7, viewed from [10-2] direction.
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Figure 3-24. Incomplete structure of CMOF-8, showing Zn atoms (cyan ball), 
oxygen atoms (red ball), Ru atoms (green ball) and Q1-Q10 residue peaks (grey ball). (a) 
one unit cell; (b) from [1 0 -2] direction, showing non-interpenetrated structure. 
 
Figure 3-25. Space-filling model of CMOF-8, viewed from [001] direction. 
 
 
A B 
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Figure 3-26. Space filling model of CMOF-8, viewed from [001] direction. 
 
 
Figure 3-27. Space filling model of CMOF-8, viewed from [010] direction. 
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Figure 3.28. Space filling model of CMOF-8, viewed from [1 0 -2] direction. 
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Figure 3-29. Comparison of powder X-ray diffraction patterns of CMOF 7 and 8 
with those of the isostructural Mn(salen) CMOFs already reported previously as well as 
with the simulated diffraction patterns generated from CIF files.1 
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3.4.5. Dye inclusion studies 
 Representative procedure for dye uptake measurements 
Fresh crystals of CMOF-5 (2.7 mg, 0.536 µmol) were briefly dried on a filter 
paper and soaked in a methanol solution of BBR-R250 (24.2 mM, 0.5 mL) for 16 h. The 
resulting crystals were washed with water until the washings became colorless. The solids 
were then digested by Na2EDTA (0.05 M, 2 mL) and NaOH (6 M, 0.1 mL). The resultant 
clear solution was diluted to 25 mL with water and adjusted to a pH of 1.2 with 3 M HCl. 
Adsorption experiments were performed on Shimadzu UV-2401PC UV-VIS 
spectrometer. The concentration of BBR-250 was determined by comparing the UV-Vis 
absorption with a standard curve.  
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Figure 3-30. UV-Vis measurement of released BBR-250 from CMOF-5 
(corrected for ligand absorption). 
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Figure 3-31. UV-Vis measurement of released BBR-250 from CMOF-6 
(corrected for ligand absorption). 
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Figure 3-32. UV-Vis measurement of released BBR-250 from CMOF-7.  
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Figure 3-33. UV-Vis measurement of released BB R-250 from CMOF-8. 
 3.4.6 Single-crystal to single-crystal reduction  
Procedure for single-crystal to single-crystal reduction 
A sample of CMOF-6 was washed with ethanol then dry THF. The sample was then 
treated with an excess of LiBEt3H (1 M in THF) and allowed to stand for 5 min. The sample 
was then washed with THF. For single crystal data sets, the crystal was then immersed in 
chlorobenzene and mounted in a capillary tube. For re-oxidation, the reduced crystals were 
suspended in DCM and allowed to sit in a capped vial overnight.  
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Figure 3-34. Powder X-ray diffraction patterns of 6, 6R, and 6'. 
Spectroscopic characterization of reduced species 
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Figure 3-35. UV-VIS-NIR measurements of 6, 6R, and 6' dissolved in pyridine. 
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Figure 3-36. Diffuse Reflectance UV-Vis-NIR measurements of 6, 6R, and 6'. 
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Figure 3-37. Solution-state Vis-NIR spectra of CMOF-8 and CMOF-8R dissolved 
in methanol. 
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Figure 3-38. Diffuse reflectance Vis-NIR spectra of CMOF-7 before and after 
reduction 
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Figure 3-39. Diffuse reflectance Vis-NIR spectra of CMOF-8 before and 
after reduction 
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Figure 3-40. PXRD pattern of CMOF-8R  
3.4.7 Asymmetric Cyclopropanation Reactions 
Asymmetric Cyclopropanation Recations with CMOFs 
 CMOF-6 (7 mg) was washed with ethanol and then dry THF and treated with 
LiBEt3H. The sample was allowed to stand for 5 min before being washed with dry THF for 3 
more times. The sample was then washed with dry dichloromethane and degassed. Styrene 
was added to the suspension and EDA was added dropwise over 30 min.  After addition of the 
EDA, the reaction mixture was stirred for 24 h. The suspension was then passed through a 
0.45 µm filter and analyzed by chiral GC.  
Styrene: (Supelco β-dex 120 (30 m × 0.25 mm × 0.25 µm): injector 250 °C; Column: 
100-140 °C @ 0.5 °C/min; detector: 250 °C; carrier gas: He (1.54 mL/min): t1 = 58.97 min; t2 
= 60.34 min; t3 = 64.64; t4 = 65.44. 
Homogenous test of methylated ligand without reducing agent: 3.8 mg of 
Ru(L5-Me2)(py)2 was dissolved in DCM along with styrene (0.5 mL) and undecane 
internal standard. The solution was degassed and EDA (50 uL) was added to the solution. 
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The solution was stirred under nitrogen for 24 h. The sample was then pass through a 
short silica plug and washed with DCM. The sample was then analyzed by GC. 
 
Homogenous test of methylated ligand with reducing agent: 2.5 mg of Ru(L5-
Me2)(py)2 was dissolved in DCM (2.5 mg NaBH(OMe)3/mL) along with styrene (0.32 
mL) and undecane internal standard. The solution was degassed and EDA (32uL) was 
added to the solution. The solution was stirred under nitrogen for 24 h. The sample was 
then pass through a short silica plug and washed with DCM. The sample was then 
analyzed by GC. 
Reaction of EDA with styrene using CMOF-6:  9 mg of CMOF-6 was washed 
with ethanol and then DCM and charged into 10mL round bottom flask. To the solution 
styrene (25 uL) and an undecane internal standard was added. The solution as degassed 
for 10 min. EDA (5.4 uL) was then added to the reaction and the suspension allowed to 
stir for 24 h. The reaction was then passed through a 0.45 µm filter and analyzed by GC. 
Test for reactivity of supernatant: CMOF-6 (12.5 mg) was washed with ethanol 
and then dry THF and treated with LiBEt3H. The sample was allowed to stand for 5 min 
before being washed with dry THF for three more  times. The sample was then washed 
with dry DCM and degassed. Styrene (140 uL) and NaBH(OMe)3 (15mg) were added to 
the suspension and EDA (14uL) was added.  After addition of the EDA the reaction was 
stirred for 8 hours. The suspension was then passed through a 0.45 micron filter and 
analyzed by chiral GC. The supernatant was kept under air and water free conditions for 
an additional 16 h and conversion monitored by GC. 
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Figure 3-41. PXRD pattern comparing fresh CMOF-5 sample and CMOF-5R 
after 24 h in catalysis reaction. 
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Figure 3-42. PXRD pattern comparing the fresh CMOF-6R sample and the 
sample after 24 h in catalysis reaction.  
Test of reactivity of Zn-BPDC: EDA (10 µL) and styrene (125 µL) were added 
to a suspension of Zn-BPDC (10 mg) and allowed to stir over night. The suspension was 
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then filtered though a plug of celite and analyzed by GC.  
Recycling tests of MOF catalyst: CMOF-6 (9.2 mg) was washed with Ethanol and 
then dry THF and treated with LiBEt3H. The sample was allowed to stand for 5 min before 
being washed with dry THF for three more times. The sample was then washed with dry 
DCM and degassed. Styrene (103 µL) and NaBH(OMe)3 (15 mg) were added to the 
suspension and EDA (20.5 μL) was added.  After addition of the EDA the reaction was stirred 
for 24 h. The reaction was then centrifuged and then solids washed with DCM three times. 
The solids were then dispersed in DCM and reaction repeated with the same conditions.  
Catalyst leaching measurments by UV-Vis and ICP-MS: CMOF-5 (8.9 mg) was 
washed with ethanol and then dry THF and treated with LiBEt3H. The sample was allowed to 
stand for 5 min before being washed with dry THF for three more times. The sample was then 
washed with dry DCM and degassed. Styrene (155 µL) and NaBH(OMe)3 (15 mg) were 
added to the suspension and EDA (31 µL) was added.  After addition of the EDA the reaction 
was stirred for 24 h. The reaction was passed through a 0.45 μm filter and the organics were 
then removed in vacuo. The resultant oil was then digested in concentrated nitric acid (114 
µL) for 2 h. The sample was then diluted to 4 mL. This sample was then passed through a 0.2 
μm filter and analyzed by ICP-MS. This solution had a ruthenium concentration of 48.3 ppb, 
which corresponds to a leaching of 0.01%.  
CMOF-6 (7.7mg) was washed with ethanol and then dry THF and treated with 
LiBEt3H. The sample was allowed to stand for 5 min before being washed with dry THF for 
three more times. The sample was then washed with dry DCM and degassed. Styrene (115 
µL) and NaBH(OMe)3 (15 mg) were added to the suspension and EDA (23 µL) was 
added.  After addition of the EDA the reaction was stirred for 24 hours. The reaction was 
passed through a 0.45 μm filter, and a UV-Vis spectrum was obtained. The organics were 
then removed in vacuo. The resultant oil was then digested in concentrated nitric acid 
(114 μL) for 2 h. The sample was then diluted to 4 mL. This sample was then passed 
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through a 0.2 μm filter and analyzed by ICP-MS. This solution had a ruthenium 
concentration of 4.2 ppb, which corresponds to a leaching of <0.01%.  
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Figure 3-43. An overlay of the UV-Visible spectra of the supernatant after 24 h of 
reaction and the free methylated ligand dissolved in pyridine.  
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CHAPTER 4 
ANION-CONTROLLED CATENATION OF A METALLOSALEN METAL-ORGANIC 
FRAMEWORK 
 
4.1 Introduction 
 As chemical catalysis is a rate acceleration phenomenon, diffusion of substrates to the 
active sites of heterogenized homogeneous catalysts is an important parameter in determining 
the relative reaction rate acceleration. Over the last few years, the effects of channel 
dimensions of MOFs on the rates of diffusion and chemical catalysis have been received 
some attention, and the effects have started to be established.1 Using the MOF-based Ti-
BINOLate-catalyzed diethylzinc additions to aldehydes, Lin and coworkers demonstrated the 
effect of channel dimension and—correspondingly—substrate diffusion on the 
enantioselectivity of the screened reactions. Expanding on this work, the Lin lab reported on 
a series of salen-based isoreticular metal-organic frameworks with varying ligand length and 
catenation to give seven different structures with channel sizes ranging from 0.8 × 0.6 nm to 
2.5 × 2.3 nm. Using this family of frameworks, channel size-dependent reaction kinetics 
were observed. In subsequent works, the group also reported similar observations in 
isoreticular Ru(salen)-based MOFs.  
 The effects of channel dimension and architecture are important when discussing the 
applications of MOFs, including catalysis, gas uptake, separations, and drug delivery. As 
such, a great deal of work has been invested into devising new methods of controlling 
channel dimensions and catenation modes.2 Lin and coworkers have reported several of these 
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methods including solvent and chirality templating, while Hupp et al. have modulated the 
steric demands of ligands in order to influence catenation.2a, 3  While remarkable, some of 
these methods are not universally applicable. The use of solvent templating, while typically a 
very effective method of influencing catenations, has failed in several instances, particularly 
when the channel sizes are very large.1c, 1d 
Building on our previous work with Ru(salen) MOFs for the catalysis of asymmetric 
cyclopropanation reactions, our group developed a metal organic framework derived from an 
elongated salen linker (Figure 4-1). We hypothesized that the larger pores generated by this 
elongated ligand would enhance the rate of substrate diffusion and afford enhanced catalytic 
performance of the MOF in the asymmetric cyclopropanation of alkenes. We discovered, 
however, that despite the increase in steric bulk afforded by the pendant pyridine groups on 
the ruthenium salen ligand, the length of the ligand led to an interpenetrated structure—as 
was the case in our previous works with Mn(salen) frameworks. Unfortunately, solvent 
templating was unable to effect a reduction in the multiple folds of interpenetration present in 
this MOF.  
In an effort to devise a new method of controlling the catenation modes in this new 
framework, we have developed a novel way of controlling interpenetration via an in situ 
counter-ion exchange. Through the incorporation of the bulky tetraphenylborate anion, an 
increase in solvent-accessible pore volume can be observed in the TGA, dye uptake and 
NMR solvent analyses. The resulting material was screened in asymmetric catalytic reactions 
to determine if this increase in solvent-accessible volume was commensurate with an 
increase in catalytic performance. To our disappointment, the increase in channel dimension 
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did not correspond to a significant increase in stereoselectivity and these new frameworks 
showed a lower level of activity than the previously reported CMOFs 5-8.  
 
Figure 4-1. Synthesis of CMOF-9 and 10 from the enantiopure RuIII complex Ru(L7-
Me2)(py)2Cl (green rods and balls). The channel blocking effect of the borate anion (red 
sphere) is illustrated.  
 
4.2 Results and discussion 
 4.2.1 Synthesis of elongated Ru(salen) ligand 
The enantiopure RuII complex Ru(L7-Me2)(py)2 was synthesized through the salt 
metathesis of the derprotonated ligand (R,R)-N,N’-bis(3-[methyl-4-benzoate]-5-tert-
butylsalicylidene)-1,2-cyclohexanediamine with [RuCl(p-cyemene)]2. Subsequent 
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saponification and acidification followed by air oxidation resulted in the paramagnetic RuIII 
complex bearing a chloride counter-ion. The diamagnetic RuII complex was analyzed by 1H 
and 13C NMR spectroscopy while the paramagnetic RuIII complex was characterized via ESI 
mass spectrometry. 
4.2.2. Anion-controlled synthesis of a pair of catenation-related frameworks  
 
 The RuIII-free acid ligand was treacted with Zn(NO3)2·6H2O in a solvent mixture of 
DMA, DMF, and ethanol at 70 oC for five days to yield green cubic crystals of the 
interpenetrated Zn4(μ4-O)[(Ru(L7-H2)(py)2Cl]3 (CMOF-9). The structure of CMOF-9 was 
modeled in the R32 space group, and like isostructural frameworks grown from shorter and 
manganese metallated salen ligands, it contains two ligands and two-thirds of a SBU in the 
asymmetric unit cell with two of the zinc atoms at full occupancy, two at one-third 
occupancy and two oxygen atoms at one-third occupancy. The modeled structure of 9 shows 
a 2-fold interpenetration of the framework with the largest open channel dimensions of 
1.3×1.3 nm. This assessment is supported by the TGA and dye inclusion measurements 
which show a solvent content of 54.4% and dye inclusion of 27.7%. When compared to the 
previously reported interpenetrated CMOF-7, a 13% increase in dye incorporation is 
observed. This increase agrees with our assignment of a 2-fold interpenetrated structure as 
higher orders of catenation would afford dye inclusions much less than the 2-fold 
interpenetrated CMOF-7 (Figure 4-2)1c.  
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Figure 4-2. A) TGA curves of CMOFs 9 and 10. B) Dye inclusion studies of 9 and 
10. C) TGA of previously reported frameworks (CMOF-7 and 8). D) Dye inclusion studies of 
previously reported Ru-salen frameworks.1d 
 
 When the RuIII complex is treacted with Zn(NO3)2·6H2O in a solvent mixture 
identical to that used to grow crystals of CMOF-9 (except for a lower volume of ethanol) in 
the presence of sodium tetraphenylborate, similar green cubic crystals of CMOF-10 result. 
Like 9, 10 suffers from very low resolution X-ray diffraction, and after multiple attempts to 
collect a single crystal data set, no usable diffraction with a relation of <4 Å resulted. Despite 
the lack of a single crystal structure, a combination of TGA, dye inclusion, solvent analysis, 
and ICP-MS data support our hypothesis that the presence of the guest tetraphenylborate 
anion has indeed reduced the degree of interpenetration in the material. As seen in Figure 4-
2, the TGA and dye inclusion data support a vast increase in the solvent-accessible volume. 
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When CMOF-10 is digested and analyzed by ICP-MS, it is observed from the Zn:B 
concentrations that roughly 1/3 of the counter ions have been exchanged for 
tetraphenylborate. 
Both CMOFs 9 and 10 were screened for their catalytic activity in the asymmetric 
addition of ethyldiazoacetate to styrene in order to evaluate the effect that increasing the 
solvent accessible volume has on both the selectivity and the activity of the supported 
catalyst centers. As seen in Table 4-1, CMOF-9 performs marginally well, producing the 
cyclopropane product in only 29% yield with the cis and trans products in 84 and 91% e.e., 
respectively, with a d/r of 7.6 in favor of the trans product. Previously reported Ru(salen)-
based frameworks have been able to obtain yields in excess of 50% in this reaction with 
similar selectivities. Despite the higher degree of solvent accessible volume in 10 when 
compared to 9, only a very mild 5% increase in the stereroselectivity was observed in the 
cyclopropanation of styrene. There was, however, a noted increase in the diasteroselectivity 
of the reaction catalyzed by 10. Seen in table 4-1, 10 can produce the desired cyclopropane 
product with diastereoselectivites of 9.6:1. This degree of diastereoselectivity is on par with 
the best previously reported MOF-based systems and is an enhancement over the 
performance of the Ru(L7)(py)2 homogeneous analogue. 
 We initially hypothesized that deleterious interactions of neighboring chiral centers in 
the framework channels could influence the transition state of our catalytic reactions and 
result in lower enantioselectivities in our observed product. This hypothesis can explain why 
we observe steadily increasing selectivities when increasing channel size from CMOF-5 
through 8; however, it fails to explain the performance observed in CMOF-9 and 10. It is 
possible that the large channels present in 9 and 10 have already reached the point in which 
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no deleterious effects are observed between framework folds, resulting in nearly identical 
enantioselectivities. This rationale, however, doesn’t explain the decrease in catalytic activity 
observed in 9 and 10. It is well established that frameworks that possess extremely large 
channels can experience significant distortion and subsequent loss of porosity. It is possible 
that the framework of 10 distorts significantly during harvest and catalytic reactions which 
would remove any potential benefit from the larger ligand. Alternatively, the presence of the 
tetraphenylborate anions in the MOF channels could negatively affect the diffusion of 
substrates through the channels, negating any benefits of the larger void spaces in 10.  
Table 4-1. Comparison of the 9- and 10-catalyzed cyclopropanation reactions of 
styrene with the homogeneous reaction catalyzed by Ru(L7-Me2)(py)2 
 
 
 
4.3 Concluding remarks 
 We have synthesized a pair of metal organic frameworks from an elongated Ru(salen) 
linker and have shown that the catentaion exhibited by the material can be influenced by 
conducting an in situ counter-ion exchange. The presence of aryl borate anions in the 
framework channels precludes the formation of higher orders of interpenetration. This 
method has the potential to control the catenation modes of any charged linking ligand used 
in MOF growth as well as in any ligand baring moderately acidic or basic sites. It can be 
envisioned that through the use of bulky bases and acids, pendant functional groups can be 
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selectively protontated and deprotonated, giving an ionic handle for the counter-ion-
controlled interpenetration of the framework.  
 
4.4 Experimental Details 
4.4.1 General experimental 
All of the solvents were purchased from Fisher and used without further purification. 
All of the reactions and manipulations were carried out under nitrogen with the use of 
standard inert atmosphere and Schlenk techniques. 1H NMR spectra were recorded on a 
Bruker NMR 400 DRX spectrometer at 400 MHz and referenced to the proton resonance 
resulting from incomplete deuteration of the deuterated methylene chloride (δ 5.32). 13C{1H} 
NMR spectra were recorded at 100 MHz, and all of the chemical shifts are reported 
downfield in ppm relative to the carbon resonance of methylene chloride-d2 (δ 54.00). Mass 
spectrometric analyses were conducted using positive-ion electrospray ionization on a Bruker 
BioTOF mass spectrometer. Thermogravimetric analysis (TGA) was performed in air using a 
Shimadzu TGA-50 equipped with a platinum pan. Single-crystal X-ray diffraction and 
powder X-ray diffraction (PXRD) patterns were collected on a Bruker SMART APEX II 
diffractometer using Cu radiation. The PXRD patterns were processed with the APEX 2 
package using PILOT plug-in.  Conversions and e.e. values were determined by gas 
chromatography (GC) using a Shimadzu GC-2010 gas chromatograph equipped with a flame 
ionization detector (FID). The synthesis and characterization methyl methyl 3-(3-(tert-butyl)-
5-formyl-4-hydroxyphenyl)benzoate has been reported previously.1b Sodium 
trimethoxyborohydride was purchased from Sigma-Aldrich. 
 
 
138 
 
4.4.2 Procedure for ligand synthesis 
(R,R)-N,N’-bis(3-[methyl-4-benzoate]-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine (L7-Me2) 
 556 mg (1.78 mmol) of methyl 3-(3-(tert-butyl)-5-formyl-4-hydroxyphenyl)benzoate 
was dissolved in 30 mL of tetrahydrofuran. 99 mg (0.868 mmol) of (R,R)-1,2-
diaminocyclohexane was dissolved in 10 mL of ethanol. This solution was added to the THF 
solution and the mixture was heated to reflux overnight. Upon cooling the reaction mixture to 
room temperature, the solvents were removed in vacuo to afford the product as a yellow 
powder of L7-Me2 in quantitative yield, which was used without further purification. 1H 
NMR (CD2Cl2): δ 1.459 (s, 18H); 1.583 (m, 2H); 1.873 (m, 2H); 1.960 (m, 2H); 2.097 (m, 
2H); 3.930 (s br, 2H); 3.930 (s, 6H); 7.341 (s br, 2H); 7.553 (m, 8H); 8.028 (m, 4H); 8.447 (s 
2H). 13C NMR (CD2Cl2): δ 24.65; 29.39; 33.23; 35.24; 52.26; 72.70; 119.12; 126.59; 126.85; 
128.57; 128.68; 129.70 130.22; 138.22; 145.59; 161.09; 166.14; 167.15.  
 (R,R)-N,N’-bis(3-methyl acrylate-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl ruthenium(II) [Ru(L7-Me2)(py)2] 
667 mg (0.950 mmol) of L7-Me2 was charged into a 100 mL round-bottom flask 
followed by 80 mg (2.00 mmol) of potassium hydride and 30 mL of dry, degassed THF. 
After the evolution of hydrogen ceased, the reaction mixture was stirred under nitrogen for 
an additional 1 h. 290.4 mg (0.475 mmol) of ruthenium(para-cymene)dichloride dimer was 
charged into a separate 100 mL round-bottom flask followed by 10 mL of dry, degassed THF 
and 3 mL of dry, degassed pyridine. This solution was then cooled to 0 °C. The potassium 
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salt solution of the ligand was then added to the ruthenium(para-cymene )dichloride over the 
course of 30 min. The resulting mixture was allowed to warm to room temperature, and then 
to stir overnight. The solvent was removed in vacuo, and the resulting residue was purified 
by column chromatography (hexanes/methylene chloride/triethylamine: 49/49/2 v/v/v) to 
afford 282 mg (31% yield) of pure maroon powdery product of Ru(L7-Me2)(py)2. 1H NMR 
(CD2Cl2): δ 1.387 (s, 18H); 1.46 (m, 4H); 1.932 (m, 2H); 2.824 (d, 2H); 2.915 (s, 2H); 3.940 
(s, 6H); 7.080 (t, 4H, J = 6.8 Hz);  7.522 (d, 2H, J = 7.6 Hz); 7.552 (d, 2H, J = 1.6 Hz); 7.706 
(d, 4H, J = 8.4 Hz), 8.065 (d, 4H, J = 8.4 Hz); 8.276 (d, 2H, J = 5.2 Hz); 8.642 (s, 2H). 13C 
NMR (CD2Cl2): δ 25.00; 29.47; 34.62; 35.10; 51.71; 72.45; 118.96; 123.4; 126.78; 128.40; 
128. 51; 129.57; 130.0; 134.30; 138.0; 138.7; 145.4; 154.28; 160.93; 165.97; 166.81.  
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 (R,R)-N,N’-bis(3-methyl acrylate-5-tert-butylsalicylidene)-1,2-
cyclohexanediamine dipyridyl ruthenium(III) chloride {[Ru(L7)(py)2]Cl} 
 
282 mg (0.294 mmol) of Ru(L7)(py)2 was dissolved in 25 mL of ethanol and 1 mL of 
pyridine. 400 mg of KOH was then added to the degassed solution, and the mixture was 
stirred at reflux under nitrogen for 16 h. The reaction mixture was then cooled to room 
temperature, and the solvents were removed in vacuo. The maroon powder was then 
dissolved in 100 mL of water. With stirring, 3 M HCl was slowly added to the solution until 
the solution was pH ~ 2. The suspension was then stirred for 3 h while purging the solution 
with air. The resulting green solid was isolated by filtration. The green solid was suspended 
in ethanol and filtered resulting in 234 mg of brown powder (0.242 mmol, 82.3 % yield).  
MS (ESI) for [M-Cl]+: calcd 932.31, found 932.35. [M-Cl-2py]+: calcd 774.22, found 774.20. 
4.4.3 Procedures for MOF synthesis  
Synthesis of Zn4O{Ru(L7)(py)2]Cl}3·16DMF·13DMA·18.5H2O (CMOF-9) 
1 mg of Ru(L7)(py)2]Cl (1.2 µmol) and 1 mg of Zn(NO3)2·6H2O (3.36 µmol) were 
dissolved in 0.15 mL of DMA and 0.15 mL of DMF. To this solution, 30 µL of ethanol was 
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added. The solution was sealed in a 0.5 dram screw-cap vial and heated at 70 °C for 5 days, 
yielding dark green crystals (0.6 mg, 28% yield). Solvent content  calculated from proposed 
formula: DMF, 20.5%; DMA, 24.1%; water, 5.9%.  Solvent content determined by 1H NMR 
and TGA: DMF, 20.4%; DBF, 24.1%; water, 5.8%. 
 
 
Figure 4-3. NMR solvent analysis of 9. 
Synthesis of Zn4O{Ru(L7)(py)2]Cl}2.7{Ru(L7)(py)2(BPh4)}1.3·38DMF·38DMA· 
21H2O (CMOF – 10) 
1 mg of Ru(L7)(py)2]Cl (1.2 µmol) , 1 mg of Zn(NO3)2·6H2O (3.36 µmol), and 3mg 
of sodium tetraphenylborate (8.8 μmol) were dissolved in 0.15 mL of DMA and 0.15 mL of 
DMF. To this solution, 30 µL of ethanol was added. The solution was sealed in a 0.5 dram 
screw-cap vial and heated at 70 °C for 5 days, yielding dark green crystals (0.55 mg, 14% 
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yield). Solvent content calculated from proposed formula: DMF, 29.7%; DMA, 35.4%; 
water, 4.2%.  Solvent content determined by 1H NMR and TGA: DMF, 29.6%; DMA 35.5%; 
water, 4.16%. 
 
Figure 4-4. NMR solvent analysis of 10.  
 
4.4.4. X-ray Diffraction studies 
 After multiple attempts of collecting single crystal X-ray diffraction data, only a dataset with 
a resolution of 1.6 Å was obtained (Rint = 0.066). The dataset was collected on a 
macromolecule X-ray diffraction system using a Rigaku Micromax 007HF X-ray generator 
(Cu rotating anode) with R-Axis IV++ detector, VariMAX HR optic and inverted Phi 
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goniostat. A trigonal unit cell with a = b = 37.99 Å, c = 116.97 Å was obtained. Attempts to 
solve the structure using direct method in R32 space group give only coordinates of the Ru 
atoms in the ligands and the Zn4O nodes. The positions of the metal atoms indicated that 
CMOF – 9 adopts a two-fold interpenetrated structure with a partially occupied third and 
fourth fold with the pcu topology. Further refinement was not performed due to the poor 
quality of the dataset, and the structural model was built using Material Studio 5.5 software 
package. 
 
Figure 4-5. Space filling model of CMOF-9, viewed from the [0 1 1] direction. 
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Figure 4-6. Space filling model of CMOF-9, viewed from the [1 0 -2] direction. 
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Figure 4-7. Experimental and simulated powder X-ray diffraction patterns of CMOF-
9. 
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Figure 4-8. Powder X-ray diffraction pattern of CMOF-10. 
 
4.4.5. Procedure for dye uptake measurements  
Fresh crystals of CMOF-9 (2.0 mg, 0.44 µmol) were briefly dried on filter paper and 
soaked in a methanol solution of BB R-250 (24.2 mM, 0.5 mL) for 16 h. The crystals were 
washed with water until the washings became colorless. The solids were then digested by 
Na2EDTA (0.050 M, 2.0 mL) and NaOH (6 M, 0.1 mL). The resultant clear solution was 
diluted to 25 mL with water and adjusted to a pH of 1.2 with 3 M HCl. Absorbance 
experiments were performed on a Shimadzu UV-2401PC UV-VIS spectrometer. The 
concentration of BBR-250 was determined by comparing the UV-Vis absorption with a 
standard curve. 
4.4.6 Asymmetric cyclopropanation reactions 
CMOF-10 (6.7 mg, 7.25 μmol) was washed with ethanol and then DCM and then 
suspended in DCM and added to a suspension of NaBH(OMe)3, styrene (500 μL)  and an 
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undecane internal. The solution was bubbled with N2. EDA (27.4 μL 260 μmol) was then 
added dropwise and the reaction allowed to stir for 16 h.  The suspension was then passed 
through a 0.45 µm filter and analyzed by chiral GC.  
Styrene: (Supelco β-dex 120 (30 m × 0.25 mm × 0.25µm): injector: 250 °C; column: 
100-140 °C @ 0.5 °C/min; detector: 250 °C; carrier gas: He (1.54 mL/min): t1 = 58.97 min; 
t2 = 60. 34 min; t3 = 64.64; t4 = 65.44. 
 
Figure 4-9. GC trace of 9-catalyzed addition of EDA to styrene. Yield: 28.6%; trans 
e.e.: 91.2%; cis e.e.: 84.2%; d/r: 7.6. 
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Figure 4-10. GC trace of 10-catalyzed addition of EDA to styrene. Yield: 30%; trans 
e.e.: 91.3%; cis e.e.: 85%; d/r: 6.9. 
 
 
Figure 4-11. GC trace of Ru(L7-Me2)(py)2 catalyzed addition of EDA to styrene. 
Yield: 66%; trans e.e.: 93.4%; cis e.e.: 82.2%; d/r: 8.8. 
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4.4.7 Determination of boron content in CMOF-10. 
A sample of CMOF-10 was washed with methanol and then allowed to air dry. The 
sample was then digested in 114 μL of concentrated nitric acid for 24 h. The solution was 
then diluted up to 4 mL and filtered through a 0.22 μM PES filter membrane. The solution 
was analyzed by inductively coupled plasma-mass spectrometry, and the ratio of zinc and 
boron used to calculate the incorporation of boron into the framework. 
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CHAPTER 5 
PRIVILEGED PHOSPHINE-BASED METAL-ORGANIC FRAMEWORKS FOR BROAD 
SCOPE ASYMMETRIC CATALYSIS 
 
5.1 Introduction 
Among the asymmetric MOF catalysts reported to date, all of the most efficient 
examples contain a privileged asymmetric ligand as the means for enantio-differentiation.1 
The first example of a MOF catalyst with significant enantiomeric excesses (e.e.’s) contained 
the C2-symmetric ligand 1,1’-bi-2-naphthol, BINOL.2,3 In this example, this high 
stereoselectivity was achieved with a titanium-functionalized BINOL-based MOF to catalyze 
the diethylzinc addition to aromatic aldehydes.3 Shortly after the publication of this work, the 
asymmetric epoxidation of alkenes using  a manganese(salen)-based MOF was reported 
by Hupp, Nguyen, and co-workers.4 Since these reports, multiple catalytic systems with high 
stereoselectivities have been developed based on the BINOL and salen ligands.5 
Of the pantheon of privileged chiral ligands, alongside BINOL and salen ligands, 
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl (BINAP) has received the most attention in the 
past three decades. Since the design of this C2-symmetric ligand by Noyori and coworkers, 
BINAP has been utilized as a source of chirality in late transition metal-catalyzed reactions 
and is used as the gold standard when developing new chiral bisphosphine ligands.6 Despite 
the utility of the BINAP ligand, it has not yet been utilized in constructing MOF-based 
asymmetric catalysts, which can be attributed to the difficulty in synthesizing bridging 
ligands based on chiral bisphosphine ligands as well as the sensitivity of phosphines to the 
conditions used in typical MOF crystal growths.  Despite these challenges, Lin and 
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coworkers reported a system based on the phosphonate-derived ruthenium-BINAP 
complexes. These complexes were not as sensitive to oxygen as the free phosphines and 
could be reacted with a zirconium starting material to yield zirconium phosphonate 
coordination polymers. While amorphous, these materials showed to be an extremely active 
catalysts for the hydrogenation of both β-keto esters as well as aromatic ketones.7 However, 
only a small fraction of the catalysts on the surfaces of these amorphous zirconium 
phosphonates is active in asymmetric hydrogenation reactions. 
Zirconium was chosen for these earlier coordination polymer materials based on the 
robust nature of zirconium-phosphonate bonds. In 2008, Lillerd and coworkers developed a 
robust series of MOFs derived from zirconium-carboxylate bonds. The zirconium-
carboxylate frameworks showed a marked improvement in stability when compared to 
similar copper- or zinc-based materials.8 Materials based on this framework architecture—
dubbed UiO MOFs—has been shown to be stable at elevated temperatures as well as low 
pHs.9 The UiO structures are provide an ideal platform to design MOF-based heterogeneous 
catalysts due to their stability under a broad range of reaction conditions. This stability 
allows the employment of more aggressive substrates and solvents that would have 
decomposed previously reported zinc- and copper-based MOF catalysts.  
Herein, we report the first MOF material based on a carboxylate-derived BINAP 
linker. This MOF utilizes the Zr6(OH)4O4(L)6 cluster SBU and adopts the same framework 
topology as the UiO-66 MOF previously reported. We demonstrate that this material is a 
versatile precursor to multiple catalytic systems through the judicious choice of post-
synthetic metalation conditions. These metalated materials have been shown to be competent 
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catalysts for the asymmetric hydrogenation of various organic substrates as well as conjugate 
additions of arylboronic acids to α-β unsaturated ketones (Figure 5-1). 
 
 Figure 5-1. Post-synthetic metallation and subsequent catalytic reactivity of CMOF-
11 
 
5.2 Results and discussion 
 5.2.1 Synthesis of substituted BINAP ligands and a BINAP-based-organic 
framework 
 
 BINAP oxide was brominated in the 4,4’-positions. After subsequent reduction of the 
phosphine oxide, the bromines were substituted with iodine via a lithium-halogen exchange. 
4,4’-diiodoBINAP was oxidized with hydrogen peroxide and coupled with methyl-(4-
carboxy)-phenylacetylene to yield 4,4’-bis(methyl-4-carboxyphenylacetyl)BINAP oxide 
(L8O-Me2). After reduction and saponification, the free-acid phosphine ligand (L8-H2) was 
obtained (Figure 5-2). 
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2
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2
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Figure 5-2. Synthesis of L8 starting from 4,4’-diiodoBINAP. i) H2O2, acetone; ii) 
Pd(PPh3)4, THF/TEA methyl-4-ethyneylbenzoate; iii) SiHCl3, TEA, xylenes; iv) NaOH, 
THF, EtOH 
  
 Due to the air-sensitive nature of the phosphines, solvothermal crystal growths were 
carried out in an air-free environment. L8-H2 was treated with 1 equivalent of zirconium 
tetrachloride in DMF with a small amount of trifluoroacetic acid. The metal-ligand solution 
was degassed in glass tubes, flame-sealed under vacuum, and heated at 120 °C for 3 days, 
yielding CMOF-11 as colorless octahedral crystals (Figure 5-3a).  
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Figure 5-3. A) Synthesis and characterization of CMOF-11 and the formation of the 
UiO-66-like structure containing octahedral and tetrahedral cages. B) TGA curve of CMOF-
11. Heating rate 3 °C/min to 600 °C. C) PXRD pattern of fresh CMOF-11 and simulated 
from the CIF file. D) TGA Curve of CMOF-11 and CMOF-11 after soaking in a 20 mg/mL 
methanol solution of Brilliant Blue R-250. Comparing from 300 – 600 °C after initial loss of 
solvent. E) NMR solvent analysis of CMOF-11 using mesitylene internal standard. 
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 The crystals were characterized by a combination of TGA, PXRD, single crystal X-
ray diffraction, and a modified dye inclusion measurement (Figure 5-3b-c). TGA analysis of 
CMOF-11 indicated a solvent content of 60% solvent, which was supported by NMR solvent 
analysis.  Dye uptake measurements showed that 13.5 wt% of brilliant blue R-250 could be 
loaded into the channels (Figure 5-3d). CMOF-11 crystalizes in the F23 space group. The 
asymmetric unit contains one half of the ligand and one half of a zirconium atom as well as 
one third of a hydroxyl group and one third of the oxygen in the SBU. The MOF contains 
both octahedral and tetrahedral cages with triangular faces with heights measuring 25 Å. 
These cages are connected forming triangular channles running along the 110 direction with 
a height of 25 Å as well (Figure 5-3a). The solvent accessible void space was calculated to be 
77.7%. using PLATON.  
5.2.2 Catalytic hydrogenation and conjugate additions using MOFs as a chiral 
precatalyst  
 
Through the judicious choice of metal staring materials, a broad scope of chemical 
reactivity can be obtained using CMOF-11 as a starting material. In this work, we used 
Rh(COD)2BF4 as well as Ru(COD)(2-Me-allyl)2 as metal sources in the post-synthetic 
metalation of CMOF-11. By degassing a suspension of CMOF-11 and Ru(COD)(2-Me-
allyl)2 and subsequent treatment with excess HBr, a ruthenium-metalated MOF results that is 
active in the hydrogenation of β keto-esters as well as α- and β-substituted alkenes  (Table 5-
1). Under an atmosphere of H2 at 40 bar, 11·Ru converts methyl acetylacetonate into its 
corresponding alcohol in >95% yield with selectivities as high as 96% e.e. By varying the 
post-synthetic metalation conditions, enantioselectivities as high as 98% can be obtained, 
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albeit in lower yields. 11·Ru also catalyzed the hydrogenation of substituted alkenes at low 
pressures and temperatures (Table 5-1).  
Table 5-1. Hydrogenation of substituted alkenes and β-keto esters by CMOF-11·Ru 
and Ru(L8-Me2)Cl2(DMF)2 
 
 
 The post-synthetic metalation of CMOF-11 with both ruthenium and rhodium starting 
materials occurs in a single-crystal to single-crystal fashion (Figure 5-4). Single-crystal 
diffraction experiments on metalated samples with ruthenium and rhodium have been 
attempted. While these data sets are adequate to elucidate the structure of the framework, the 
metal sites could not be identified in either sample.  
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Figure 5-4. PXRD pattern of CMOF-11 before and after metallation with Ru(COD)(Me-
allyl)2 
 
 To determine the extent of metalation of CMOF-11, samples were digested in a 
solution of concentrated nitric acid and sodium fluoride and analyzed by ICP-MS. From the 
relative ratios of zirconium to ruthenium or rhodium (depending on the metal of interest), it 
was determined that 93% of the free phosphine sites were metalated. The degree of 
metalation is dependent on the excess of metalating agent used during post-synthetic 
modification. To obtain high Ru/Rh incorporations, 15-20 equivalents are required. If 
however ~5 equivalents are used during post-synthetic modification, only ~50% of the sites 
are metalated.  
 Experiments were conducted to validate the heterogeneous nature of this system and 
to ensure that negligible metal contaminates were leaching out of the MOFs into the 
supernatant. After a typical catalysis run, the supernatant was decanted, filtered and 
concentrated. The residue was digested in concentrated nitric acid and analyzed by ICP-MS. 
The analysis showed that approximately 5% of the ruthenium present in the MOF has 
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leached into the supernatant. The relatively lower concentration of zirconium (equivalent to 
??% leaching), however, indicates that the ruthenium present in solution is more likely the 
result of either unreacted Ru(COD)(2-methyl allyl)2 or the ruthenium species dissociated 
from the BINAP ligand, but not from dissolution of the MOF. Tests of the activity of the 
supernatant agree with this conclusion. The hydrogenation of dimethyl itaconate was 
conducted and the MOF removed by centrifugation after 1 h. The supernatant was then 
placed under a hydrogen atmosphere (4 bar) and stirred for an additional 16 h. Aliquots were 
taken before and after MOF removal. The analysis of these aliquots showed that after the 
removal of the framework, no additional product was formed. This result indicates that the 
catalysis is occurring at the supported catalytic sites rather than dissolved complex.  
Homogeneous controls were conducted using the ruthenium complex of the 
methylated analog of the free ligand. This homogeneous catalyst displayed similar activities 
and only slightly better selectivity when compared to the MOF catalyst (Table 5-1). In the 
hydrogenation of β keto-esters, enantio-selectivities of > 99% were obtained for the three 
substrates screened. In the hydrogenation of alkenes, lower enantiomeric excesses of 80-96% 
were obtained.  
The rhodium-functionalized MOF, 11-Rh, was obtained when cationic rhodium bis-
diolefin complexes were used to metalate 11. 11-Rh also showed activity in the 
hydrogenation of α-amido alkenes and produced the hydrogenated products at nearly 
quantitative conversions at loadings as low as 0.5 mol% and at a H2 pressure of 4 bar. 
Despite the high activity of this catalyst, the stereoselectivity was lower than in the identical 
reaction catalyzed by 11-Ru. Control studies conducted with Rh(L8-Me2)(COD)ClO4 showed 
that the homogeneous analogue afforded lower enantioselectivities when compared to the 
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MOF catalyst. In the hydrogenation of α-acetamidoacrylate, the homogeneous and MOF 
catalysts would produce product in 43% and 57.5% e.e. respectively. A similar difference in 
selectivity was also seen in the hydrogenation of α-acetamidocinnamacrylate. 
In addition to hydrogenation reactions, 11-Rh also catalyzed 1,4-conjugate additions 
of arylboronic acids. Owing to the robustness of the zirconium-carboxylate bonds, the 
catalytic reactions were performed in a 2:1 mixture of water and dioxane. The instability of 
other popular zinc and copper-based framework materials would preclude their use under 
these reaction conditions. Mixing an α-β unsaturated ketone and an aryl boronic acid in a 
1:1.5 ratio with 1 equivalent of triethylamine and 3 mol% of MOF results in the addition 
product in good yields and moderate selectivities (Table 5-2). Carbonyl-functionalized 
boronic acids show good reactivity, obtaining yields similar to that of phenylboronic acid.  
Table 5-2. Conjugate additions between α-β unsaturated ketones and arylboronic 
acids catalyzed by 11-Rh 
 
PXRD patterns of 11 after metalation as well as after catalysis show that the material 
remains crystalline. Single-crystal data sets were collected of both the Ru and Rh metalated 
materials in an effort to detect the coordinated metal atoms in the bis(phosphine) pocket. The 
resolution of these data sets, however, was not sufficient to detect the metal atoms. We were 
able to use ICP-MS to quantify the amount of metal present in the channels by quantifying 
the Zr:M ratio (where M = Rh or Ru). In order to fully dissolve metalated 11 for analysis, a 
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mixture of nitric acid and sodium fluoride was used to digest the framework. Zr:M ratios of 
1:0.5 to 1:0.97 were experimentally observed depending on the excess of metal starting 
material present in the metalation step.  
We were also able to demonstrate the recyclability and reusability of 11-Ru using a 
Parr hydrogenation apparatus. This method, while affording lower overall yields of products, 
maintains the crystallinity of the MOF material, allowing collection of the used catalyst and 
subsequent reuse. These experiments showed that the catalytic activity of 11-Ru is partially 
retained, although the reused 11-Ru gave lower selectivities and overall TOF when compared 
to the initial run.  
5.3 Concluding remarks 
 This work represents the first example of a BINAP-based metal-organic framework 
and its application as a starting material for a variety of late-transition metal catalytic 
systems. By post-synthetically modifying the MOF with ruthenium and rhodium starting 
materials, we were able to generate active catalysts for the asymmetric hydrogenation of 
organic substrates as well the conjugate addition of arylboronic acids to α-β unsaturated 
ketones with good yields and high stereoselectivities. We have shown that these materials 
maintain the structure of the parent material after functionalization and catalysis. They are 
stable under the catalytic conditions and only show a slight metal leaching into the 
supernatant. We attribute this to uncoordinated metal starting material diffusing out of the 
channels and not to dissolution of the framework itself. We envision that through the use of 
this post-synthetic modification approach, many catalytic systems can be developed from one 
MOF material, obviating much of the labor involved in the synthesis of new MOF catalysts.  
By extending this approach to other bis(phosphine) systems, a library of heterogeneous 
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asymmetric catalysts can be developed, and it is our hope that through this strategy, 
application of MOFs to large scale asymmetric catalysis can be realized.  
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5.4 Experimental 
5.4.1 General experimental  
All of the solvents were purchased from Fisher and used without further purification. 
All of the reactions and manipulations were carried out under nitrogen with the use of 
standard inert atmosphere and Schlenk techniques. 1H NMR spectra were recorded on a 
Bruker NMR 400 DRX spectrometer at 400 MHz and referenced to the proton resonance 
resulting from incomplete deuteration of the deuterated chloroform (δ 7.26). 13C{1H} NMR 
spectra were recorded at 100 MHz, and all of the chemical shifts are reported downfield in 
ppm relative to the carbon resonance of chloroform-d (δ 77.00). Thermogravimetric analysis 
(TGA) was performed in air using a Shimadzu TGA-50 equipped with a platinum pan. 
Single-crystal X-ray diffraction and powder X-ray diffraction (PXRD) patterns were 
collected on a Bruker SMART APEX II diffractometer using Cu radiation. The PXRD 
patterns were processed with the APEX 2 package using PILOT plug-in.  Conversions and 
e.e. values were determined by gas chromatography (GC) and high performance liquid 
chromatography (HPLC) using a Shimadzu GC-2010 gas chromatograph equipped with a 
flame ionization detector (FID) and a Shimadzu SCL-10A HPLC equipped with a SPD-
M10A photodiode array detector. The synthesis and characterization of 4,4’-diiodoBINAP 
has been reported previously.10 
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5.4.2 Procedure for ligand synthesis 
4,4’-DiiodoBINAP oxide  
 
1.14 g of 4,4’-diiodoBINAP was charged into a 100 mL round bottom flask and 
dissolved in 75 mL of acetone. 8 mL of 30 wt% hydrogen peroxide was added and the 
solution stirred for 16 hours. Manganese dioxide was added to quench the reaction, and the 
mixture was allowed to stir for 30 min. The manganese dioxide was filtered off, and the 
volatiles were removed in vacuo. The solution was then diluted with water to precipitate the 
product which was collected by vacuum filtration to yield a white powder (1.00 g, 85% 
yield) and was used without further purification. 
4,4’-bis(methyl-4-carboxyphenylacetyl)BINAP oxide (L8O-Me2) 
 
855 mg (0.977 mmol) of 4,4’-diiodoBINAP oxide, 318.1 mg (1.98 mmol) of methyl-
4-carboxyphenylacetylene, 91.9 mg (0.08 mmol) of tetrakis(triphenylphosphine)-
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palladium(0), and 25 mg (0.095 mmol) of triphenylphosphine were charged into a 100 mL 
round bottom flask, and 75 mL of 1:1 THF:TEA (V/V) solution was added. The solution 
was degassed for 30 minutes, and 28.8 mg (0.151 mmol) of copper(I) iodide was added. The 
solution was degassed further for 10 minutes and then heated under nitrogen at 65 oC for 15 
h. The solution was then cooled to room temperature, and the volatiles were removed in 
vacuo. The remaining solids were then purified by column chromatography using 20% ethyl 
acetate in chloroform, giving 612 mg (0.632 mmol) of white solid L8O-Me2 (64.5% yield). 
31P NMR (CDCl3): δ 27.93. 1H NMR (CDCl3): 3.980 (s, 6H); 6.809-6.881 (4H); 7.289-
7.346 (10H); 7.420-7.509 (10H); 8.1 (d, J= 10 Hz, 2H); 8.45 (d, J= 10 Hz, 2H).  13C NMR 
(CDCl3): δ 52.25; 90.36; 94.18; 120.26 (d, J= 14 Hz); 126.01; 126.50; 127.40; 127.83-
128.78; 129.57-129.79; 131.18; 131.43-133.21; 133.68; 134.26; 143.59; 166.50.  
4,4’-bis(methyl-4-carboxyphenylacetyl)BINAP (L8-Me2) 
 
636.5 mg (0.656 mmol) of L8O-Me2 was charged into a 25 mL reaction vessel and 
dissolved in 10 mL of anhydrous m-xylene. 0.325 mL (2.61 mmol) of TEA was added, and 
the solution was degassed for 30 minutes. 0.270 mL (2.65 mmol) of trichlorosilane was 
added, and the reaction was sealed and heated to 100 oC for 1 h and then heated to 150 oC 
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for 16 h. The reaction was cooled to room temperature, and 5 mL of water and 5 mL of 6 M 
NaOH(aq) added. The mixture was allowed to stir for 1 h, and then filtered. The organics 
were concentrated in vacuo. Methanol was then added to precipitate 465 mg (0.495 mmol, 
75.5% yield) of the white product, L8-Me2. 31P NMR (CDCl3): δ -15.15.   1H NMR (CDCl3): 
3.986 (s, 6H); 6.843 (d, J = 8.8 Hz, 2H); 6.972(t, J= 6.8 Hz, 2H) 7.078-7.255 (20 H); 7.509 
(t, J = 8 Hz, 2H); 7.738(d, J = 8 Hz, 4H); 7.826 (s, 2H); 8.113 (d, J = 8 Hz, 4H); 8.476 (d, J 
= 8.4 Hz, 2H).  13C NMR (CD2Cl2): δ 55.22; 90.71; 94.08; 120.83; 125.88; 126.46; 127.52-
128.72; 129.56; 131.55; 132.66-133.10; 134.22-134.82; 135.59-135.69; 136.22-136.34; 
137.07-137.20.  
 
4,4’-bis(4-carboxyphenylacetyl)BINAP (L8-H2) 
 
443 mg (0.472 mmol) of L8-Me2 was dissolved in 60 mL of 1:1:1 THF : EtOH : 6 M 
NaOH(aq) and the solution degassed for 15 minutes. The reaction was then heated to 75 oC 
under nitrogen for 16 h. The reaction mixture was then cooled to room temperature and 
poured into a concentrated solution of citric acid to precipitate 410 mg (0.450 mmol, 95% 
yield) of the white product L8-H2. 31P NMR (CDCl3/MeOD): δ-11.37. 1H NMR 
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(CDCl3/MeOD): δ 6.9225 (d, J = 8.4 Hz, 2H); 7.058 (t, J = 3.2 Hz 2H); 7.190-7.375 (20 H); 
7.610 (t, J= 6.8 Hz, 2H); 7.8355 (d, J = 8.4 Hz, 4H); 7.889 (s, 2H); 8.0105 (d, J = 8.4 Hz, 
4H); 8.787 (d, J = 8.4 Hz, 2H). 13C NMR (CDCl3/MeOD): δ 90.20; 93.90; 120.62; 125.62; 
126.23; 127.29; 127.41; 127.58; 127.67; 127.85; 127.93; 127.97; 128.01; 128.04; 128.07; 
128.50; 120.53; 129.98; 131.16; 131.25; 132.45; 132.55; 132.65; 132.69; 132.80; 132.85; 
133.94; 134.01; 134.12; 134.23;134.31; 134.50; 135.26 ; 135.89; 135.94; 136.01; 136.79; 
145.33; 145. 73. 175.0   
5.4.3. Procedures for MOF synthesis  
Synthesis of Zr6(OH)4O4(L8)6·126DMF·156H2O (CMOF-11)  
12 mg of 1-H2 (13.2 µmol) and 3 mg (1.1 µmol) of ZrCl4 were dissolved in 1.8 mL of 
DMF. To this solution, 12 µL of trifluoroacietic acid was added. The solution was added to a 
glass tube and degassed by three successive freeze-pump-thaw cycles. After the third cycle, 
the solution was frozen and placed under vacuum, and the glass tube was sealed with a 
natural gas-O2 torch. The sealed tube was then heated in a 120 °C oven for three days, 
resulting in 15 mg of colorless crystals. Solvent content calculated from proposed formula: 
45.9% DMF; 14.0% H2O. From solvent analysis: 46.0 % DMF; 14.0% H2O.  
5.4.4 X-ray structure determination 
Single crystal X-ray diffraction was collected on a Bruker APEX II CCD-based 
diffractometer with a Cu-target X-ray tube. The crystals were mounted inside a capillary tube 
(0.7 mm ID) with small amount of mother liquid to prevent solvent loss from the crystal 
frameworks. The frames were integrated with the Bruker SAINT© build in APEX II 
software package using a narrow-frame integration algorithm, which also corrects for the 
Lorentz and polarization effects. Absorption corrections were applied using SADABS. 
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Structures were solved by direct methods and refined to convergence by least squares method 
on F2 using the SHELXTL software suite. 
SQUEEZE subroutine of the PLATON software suite was applied to remove the 
scattering from the highly disordered guest molecules. The resulting new HKL4 files were 
used to further refine the structures. Due to the relatively weak diffraction and low resolution, 
which is not uncommon for this kind of framework with very large solvent accessible void 
space, restraints (SIMU and DELU) on displacement parameters, and DFIX for bond lengths 
are applied. All benzene and naphthalene rings are constrained to ideal geometry. Non-
hydrogen atoms are refined isotropically. 
Table 5-3. Crystal data and structure refinements of CMOF-11. 
Empirical 
formula 
Zr6(O)4(OH)4L6 Density (calcd. g/cm3) 0.416 
Formula weight 6144.63 Absorption coeff. (mm-1) 0.863 
Temperature (K) 298 F(000) 12608.0 
Wavelength (Å) 1.54178 Crystal size (mm)  
Crystal system cubic Crystal color & shape  
Space group F23 θ range data collection 1.66 – 30.83 
Unit cell 
dimensions 
a = 46.116(2) 
b = 46.116(2) 
c = 46.116(2) 
α = 90 
β = 90 
γ = 90 
Limiting indices -30<=h<=29, -
18<=k<=30, -28<=l<=26 
Reflection collected 23648 
Independent reflections 2557 
R(int) 0.138 
Data/restraints/parameters 2557/42/31 
Goodness-of-fit on F2 1.375 
Volume (Å3) 98073(8) Final R indices [I>2σ(I)] R1 = 0.1026, wR2 = 
0.2456 
Z 4 R indices (all data) R1 = 0.1383, wR2 = 
0.2594 
 
5.4.5 Post-synthetic metalation of CMOF-11.   
 2.5 mg of fresh CMOF-11 was weighed onto filter paper and then charged into a 1 
dram vial. Methanol was then added followed by 5 mg of Ru(COD)(2-methyl-allyl)2. The 
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vials were sealed with a rubber septum and then degassed by repeated vacuum/N2 cycles. 500 
μL of 0.29 M HBr (MeOH) (approximately 10 eq. with respect to Ru) was added to the 
solution and the solution degassed further. The now orange solution was then stirred for 16 h 
under N2.The MOF was then centrifuged out of suspension and washed with DCM (5 mL × 
2) and then MeOH (5 mL × 1). 
A similar method was employed for the metalation with Rh(COD)(NBD)ClO4 with 
the exception that the metalation was performed in THF as opposed to MeOH.  
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5.4.6 Heterogeneous catalysis studies with post-synthetically metallated MOF 
Catalytic hydrogenation with CMOF-11·Ru 
 2.5 mg of CMOF-11 that has been metalated with Ru(COD)(2-methyl-allyl)2 was 
dispersed in 2.5 mL of MeOH and added to a 1-dram vial that has been loaded with 8.1 μL of 
methyl acetylacetonate and a magnetic stir bar. The vial was then sealed with a rubber 
septum, and the solution was degassed by repeated vacuum/N2 cycles. The degassed samples 
were then loaded into a Parr pressure reactor in a nitrogen-filled glovebox. The reactor was 
then pressurized to 40 bar. The reaction was allowed to stir for 16 h, after which the pressure 
was released. The reaction was passed through a 0.22 μm PTFE syringe filter. The sample 
was then analyzed by chiral GC for yield and enantioselectivity.  
 
Figure 5-5. NMR spectrum of the hydrogenation of methyl-3-oxobutanoate catalyzed 
by CMOF-11·Ru 
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Figure 5-6. GC trace of the hydrogenation of methyl-3-oxobutanoate catalyzed by 
CMOF-11· Ru. γ-dex 225 Inj: 220 °C. Det: 250 °C. Column temp:  70 °C isothermal for 30 
minutes followed by a ramp of 15 °C/min to 150 degree and held for 5 minutes. Column 
flow: 1.0 mL/min 
 
Figure 5-7. NMR spectrum of hydrogenation of ethyl-3-oxopentanoate catalyzed by 
CMOF-11·Ru 
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Figure 5-8. GC trace of hydrogenation of ethyl-3-oxopentanoate catalyzed by 
CMOF-11·Ru. β – dex 225. Inj: 220 °C. Det: 250 °C. Column Temp: 60 °C isothermal 30 
min followed by ramp at 0.5 °C/min to 100 °C. Column flow: 1 mL/min. 
 
Figure 5-9. NMR spectrum of the hydrogenation of tert-butyl-3-oxobutanoate 
catalyzed by CMOF-11·Ru 
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Figure 5-10. GC trace of the hydrogenation of tert-butyl-3-oxobutanoate catalyzed 
by CMOF-11·Ru.  γ-dex 225. Inj: 220 °C. Det: 250 °C. Column temp: 50 °C isothermal for 
160 minutes. Column flow: 1.24 mL/min. 
 
Figure 5-11. 1H NMR Spectra of the hydrogenation of methyl-3-oxobutanoate 
catalyzed by Ru(L8-Me2)Cl2(DMF) 
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Figure 5-12. GC trace of the hydrogenation of methyl-3-oxobutanoate catalyzed by 
Ru(L8-Me2)Cl2(DMF). γ. 
 
Figure 5-13. NMR spectrum of hydrogenation of ethyl-3-oxopentanoate catalyzed by 
Ru(L8-Me2)Cl2(DMF)2 
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Figure 5-14. GC trace of the hydrogenation of ethyl-3-oxopentanoate catalyzed by 
Ru(L8-Me2)Cl2(DMF)2 
 
Figure 5-15. NMR spectrum of the hydrogenation of tert-butyl-3-oxobutanoate 
catalyzed by Ru(L8-Me2)Cl2(DMF)2 
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Figure 5-16. GC trace of the hydrogenation of tert-butyl-3-oxobutanoate catalyzed 
by Ru(L8-Me2)Cl2(DMF)2  
 
 
Figure 5-17. GC trace of the hydrogenation of dimethyl itaconate catalyzed by CMOF-
11·Ru. γ-dex 225. Inj: 250 °C. Det: 250 °C. Column temp: 80 °C isothermal for 40 minutes, 
ramp to 100 °C at 2 °/min, hold 5 minutes. Column flow: 1.06 mL/min 
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Figure 5-18. GC trace of the hydrogenation of methyl α-acetamidoacryalte catalyzed 
by CMOF-11·Ru.  γ-dex 225. Inj: 250 °C. Det: 250 °C. Column temp: 120 °C isothermal for 
50 minutes. Column flow: 0.89 mL/min 
 
Figure 5-19. HPLC trace of the hydrogenation of methyl α-acetamidocinnamate 
catalyzed by CMOF-11·Ru. Chiaracil OD-H. 90:10 Hexane:Isopropanol, 0.6 mL/min. 
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 Figure 5-20. GC trace of the hydrogenation of dimethyl itaconate catalyzed by 
Ru(L8-Me2) Cl2(DMF)2 
 
 
Figure 5-21. GC trace of the hydrogenation of methyl α-acetamidoacrylate catalyzed 
by Ru(L8-Me2)Cl2(DMF)2 
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Figure 5-22. HPLC trace of the hydrogenation of α-acetamidocinnamate catalyzed by 
Ru(L8-Me2)Cl2(DMF)2 
 
Test of supernatant of CMOF-11· Ru for catalytic activity 
 2.6 mg of CMOF-11 was metalated with Ru(COD)(2-methylallyl)2 in a similar 
fashion to the other catalytic studies. To a suspension of the metalated MOF, 12.3 mg of 
dimethyl itaconate was added, and the system was placed under a pressure of 5 bar of H2. 
After 1 h, the MOF was filtered out of the reaction, and the supernatant was placed under a 
pressure of 40 bar and was allowed to react overnight. The supernatant was analyzed for 
yield of the hydrogenated product both promptly after filtration and after stirring for one 
night under H2. 
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Figure 5-23. GC trace of the hydrogenation of dimethyl itaconate using CMOF-11· 
Ru (1 h reaction time) 
 
 Figure 5-24. GC trace of the hydrogenation of dimethyl itaconate using the 
supernatant of CMOF-11·Ru 
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Catalytic hydrogenations with CMOF-11·Rh 
 
2.5 mg of CMOF-11 metallated with Rh(COD)(NBD)ClO4 was dispersed in 2.5 mL 
of EtOH and added to a 1-dram vial that has been loaded with 12.8 mg methyl 
acetamidoacrylate and a magnetic stir bar. The vial was then sealed with a rubber septum, 
and the solution was degassed by repeated vacuum/N2 cycles. The degassed samples were 
then loaded in to a Parr pressure reactor in a nitrogen-filled glovebox. The reactor was then 
pressurized to 4 bar. The reaction was allowed to stir for 16 h, after which the pressure was 
released. The reaction was passed through a 0.22 μm PTFE syringe filter. The sample was 
then analyzed by chiral GC and HPLC for yield and enantioselectivity.  
 
Figure 5-25. GC trace of the hydrogenation of methyl α-acetamidoacryalte catalyzed 
by CMOF-11·Rh 
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Figure 5-26. HPLC trace of the hydrogenation of methyl α-acetamidocinnamacryalte 
catalyzed by CMOF -11·Rh 
 
 Figure 5-27. GC trace of the hydrogenation of methyl α-acetamidoacryalte catalyzed 
by Rh(L8-Me2)(COD)ClO4 
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Figure 5-28. HPLC trace of the hydrogenation of methyl α-acetamidocinnamacryalte 
catalyzed by Rh(L8-Me2)(COD)ClO4 
Catalytic 1,4-conjugate additions of aryl boronic acids to α-β unsaturated 
ketones with CMOF-11 · Rh 
 
3.1 mg of Rh(COD)(NBD)ClO4 metallated MOF was suspended in a 3:1 
H2O/dioxane solvent mixture. 3.2 μL of cyclohex-2-ene-1-one, 6 mg of phenylboronic acid, 
and 4 μL of TEA were added to the reaction, and the solution was then degassed through 
repeated vacuum/N2 cycles. The reactions were then allowed to stir for 16 h.  The solutions 
were then diluted with Et2O and the organic layer washed with water (2 mL × 3). The 
volatiles were then removed in vacuo, and the solutions were dissolved in MeOH-d4 and 
analyzed for yield by NMR. The solution was then analyzed by chiral HPLC for 
enantioselectivity.  
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Figure 5-29. HPLC trace of the addition of phenylboronic acid to 2-cyclohexeneone 
catalyzed by CMOF-11·Rh. Chiralcel AD. 99:1 Hexanes:isopropanol. 0.6 mL/min 
 
 
 
Figure 5-30. 1H NMR spectrum of the addition of phenylboronic acid to 2-
cyclohexeneone catalyzed by CMOF-11·Rh 
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Figure 5-31. HPLC trace of the addition of methyl-3-carboxyphenylboronic acid to 
2-cyclohexeneone catalyzed by CMOF-11·Rh. Chiralcel AD. 99:1 Hexanes:isopopanol. 0.6 
mL/min 
 
 
 
Figure 5-32. 1H NMR spectrum of the addition of methyl-3-carboxyphenylboronic 
acid to 2-cyclohexeneone catalyzed by CMOF-11·Rh 
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Figure 5-33. HPLC trace of the addition 3-formylphenylboronic acid to 2-
cyclohexeneone catalyzed by CMOF-11·Rh. Chiralcel AD. 92:8 Hexanes:isopropanol. 0.6 
mL/min 
 
 
Figure 5-34. 1H NMR spectrum of the addition of 3-formylphenylboronic acid to 2-
cyclohexeneone catalyzed by CMOF – 11·Rh 
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